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SECTION 1

INTRODUCTION

Currently the weapon environment codes ROSCOE and WEPIt include a

model for the dust that is entrained by a near-surface nuclear fireball,

which was developed originally for the RANC code. Since the develop-

ment of the original model, additional theory and new experimental data

from high explosive (HE) nuclear simulation test events have become

available on dust. This report presents new and improved models for dust

and propagation effects developed from the new information for the WEPHt

code. Although developed for the WEPH code, these models are applicable

to other engineering codes modeling the effects of dust on radar and

communications systems.

We begin by discussing possible areas for new and improved dust

models. We then choose a number of these areas for detailed development

in this report.

The Mie theory is used to calculate the extinction and backscatter

coefficients for the dust particles. The Mie theory gives the exact

solutions for the scattering and absorption of an electromagnetic wave

incident on a uniform spherical particle. The solutions are given as

infinite series of complex terms. The current Mie program in the systems

codes uses a simple forward recursion scheme to calculate the successive

Mie terms, which are summed until convergence is reached. However, in

some cases the forward recursion technique is not stable. For example,

when the incident radiation wavelength is small compared to the dust

particle size, a large number of terms are required in the Mie series,

and the forward recursion scheme can lose accuracy at the higher terms.

For the largest dust particle now modeled-lO cm-the current Mie routine

should be stable up to about 10 to 20 Gltz. In the past most radar and

5
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communications frequencies were lower than this, but some current sys-

tems of interest have frequencies well above this range.

For the WOE code, a different Mie technique was developed that is

stable and avoids all errors inherent in the forward recursion tech-

nique. The method uses a stable backward recursion algorithm and uses

a continued fraction scheme to accurately evaluate the starting high-

order term. This technique is valid for all orders and can thus be used

for any frequency and any particle size. The current Mie routine can

be replaced by the now improved routine. The new routine is compact;

the computer running time is only slightly longer than the old routine,
but does require about 300 to 400 extra storage locations.

The WEPII code calculates only the attenuation of radiation passing

through a dust region. Radar codes such as RANC and ROSCOE also cal-

culate the backscatter, ie, clutter, due to the dust regions. The cur-

rent model formulation for the clutter power due to scattering from a

dust region is the following:

__2F, ff GI,(6,f)GR(e')
f f 2 sin dR d6 dq

where

P = peak transmitter power (watts)

F = pulse compression ratio, or pulse integration improve-

ment factor

R = range to the scattering region (m)

6,qb = angular coordinates with respect to the radar
pointing direction (rad)

GT(0,4) = transmitter antenna gain function (including system
loss factors)

GR(O,) = receiver antenna gain function (including system loss
factors)

N PT = volumetric number density of dust particles (m)

0 B = average backscatter cross section per dust particle (m).

6
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This current backscatter formulation implicitly assumes that the optical

thickness of the dust cloud is very thin, the total one-way attenuation

being less than about I to 2 dB. For typical fireball dust clouds and

radar frequencies, the optical thinness assumption is valid. But the

dust attenuation rapidly increases as the frequency increases, and, for

some high-frequency radars, the dust clouds may no longer be optically

thin. The full formulation for a region of any, optical thickness is

PX2F_ fF GT(6,)GR(O '4 ) -2T
C 42 4 IR2 aBN v sin dR dQ d,;

(41T) jj 4rrR T
6 R

where

T= optical depth at range R (due to all sources of attenuation).

If only' the dust particles contribute to the attenuation, then

-f E NTvdR'

where

2
L= average extinction cross section per dust particle (m2)•

The additional term e in the clutter power equation accounts for the

two-way attenuation of the radar beam to and from the scattering volume.

Although the extended formulation accounts for finite optical thick-

nesses, it is still a single scatter solution (as is the current back-

scatter calculation). The contributions due to radiation that is multiple

scattered are ignored. If the extinction is due almost entirely' to

scattering (little or no absorption), then for an optically thick region

the backscatter due to the multiple scattered radiation can easily dominate

the single scattered radiation. To first order, multiple scattering can be

accounted for by adding a build-up factor, BU(O,), to the single scatter

integration (see, for example, Reference 1). BU(O,f) depends upon the

optical thickness of the dust cloud in the direction corresponding to

angular coordinates 0, , and upon the dust particle size distribution.

7
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It Would be a relat iveIN, easy task to inc Lde th e C at tCnu;t il

term in the backscatter formulat ion. It would rek u ire considerab) 

more effort to include the mlt iple scatter build-'.) f'ctor, B Ii(_,) .

'Ihe current dust model assumes that the si z di str i but ion of the

dust particles can be described by a power law probabi 1it Y d i st r i ut i on

with a power exponent of 4. Four is a typical value for dust particlIs

from loose unconsolidated soils such as desert alluviun, blust ,eera ted

from a nuclear cratering explosion in rock and cohes ive soil s haN pO,,e r

exponent of about 3.5. Very fine soils may have a valtie near 3.

Another very common size distribution is the log-normal di st ribhu-

t ion. This di st ri but ion is often used for small part ic I es and for con-

densates such as recondensed weapon debris and water droplets. SinIcL t he

atinosphe .r ic nuclear test ban, a number of high explosive (til) surface

or shallow buried devices have been detonated to simulate nuclear ex-

plosions. Analysis of the dust particle size statistics from a number

of these I: events and from previOus nuclear test events indicates that

the slmlaller dust particles loullow loj-jioiji I di st iibiion, xi.i1Ic t;e

larger particles follow a power law distribution. A hybrid size dis-

tribution can be defined which consists of a log-normal joined to a power

law distribution.

The complex index of refraction determines the scattering and absorp-

tion properties Of a dust particle. The present dust model allWs for

three different soil types (wet clay, dry sand, and soil With an ice

coating). A built-in table gives the refract ion index for each soil

type. These indices are taken as constants, independent of the incideit

radiation frequency. For optically thin dust regions and syst em fre-

que'c ies less than about 1) (llZ, a constant index of refraction is a

reasonable approximation. For thick regions or higher frequcries,

the frequency dependence of the index of refraction becomes important.

Fihe present model can be extended to include the frequency dependence.

Ihe current dust model considers only the dust entrained in the fire-

ball cloud. In addition to the fireball cloud, there are tIwz other

• .' |



regions that contain dust-the stem and pedestal regions. The stem is

the column of dust reaching from the ground up toward the main cloud

(the "stem" of the mushroom cloud). The pedestal is that relatively low

lying dusty region extending outward along the surface from ground zero.

The pedestal is formed by a combination of the thermal pulse from the

fire.ball and the outrunning shock wave. There are photographic data from

nuclear test events on the growth histories of the stem and pedestal re-

gions. In addition there have been many theoretical investigations of

both regions. There is now sufficient information available for the

development of a dust model for these two subsidiary dust regions.

Consider a radiation ray path through a dust region. If the dust is

distributed nonuniformly in the region, then the attenuation and back-

scatter effects will be accompanied by fluctuations about the mean values,

ie, scintillations. For instance, at 10 Gliz in the UtlF/ShI" transmission

experiment on the dust cloud from the DICE! TIIROI lIE explosion, fluctua-

tions of ±8 dB about the mean attenuation of 20 1B were observed at earl)

times. There were corresponding fluctuations in the phase. The DICE

'IIROw cloud was highly turbulent during these observed fluctuations.

There has been a large theoretical effort devoted to the transport of

radiation through regions of randomly varying dielectric constant. This

corresponds to transport through turbulent air. In the field of nuclear

effects, transport through striated plasma regions has been studied and

modeled. However, transport through a turbulent dust region is signif-

icantly more complicated. Very little theoretical work exists on the

distribution of dust in a turbulent region. Dust particles both absorb

and scatter the incident radiation; the scattering is t)ypically wide-

angle scattering.

'ie level of effort required to develop dust scintillation models is

not known, but may be considerable. A theoretical investigation would re-

quire the mass loading and sizes of the dust inhomogenities, and their

number, location, and velocity probability distributions. All these

parameters must be known as a function of time. Then the transport

9i



through a random wide angle scattering region has to be calculated.

Rather than carrying out a full theoretical study, it may be possible to

develop crude first-order models based on experimental data and simplified

transport physics.

In this report we choose the following four areas for detailed de-

velopment:

* Mie scattering theory

* Size distributions of dust particles

9 Complex index of refraction of dust particles

e Dust models for the stem and pedestal regions.

The backscatter and scintillation areas are not discussed further in this

report.

10
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SECTION 2

MIE SCATTERING THEORY

The Mie theory gives the exact solutions for the scattering and ab-

sorption of an electromagnetic wave incident on a uniform spherical

particle. The solutions are given as infinite series of complex terms.

Many techniques have been developed to numerically evaluate the Mie equa-

tions. The simplest technique is to use a forward recursion scheme to

evaluate the successive terms. This is the technique used in the present

WEP1I code. However, in some cases the forward recursion technique is

not stable. To avoid the instability of the forward recursion tech-

nique, many backward recursion schemes have been developed. For the WOE

code, Reference 1, a new backward recursion Mie code was developed. This

Mie code is stable, accurate at all orders, and can be used for an), fre-

quency and particle size. The following description of the new Mie cal-

culation is largely taken from the WOE code documentation, Reference 1.

Appendix A is a listing of the new Mie computer routines.

We first present the formulas for the Mie solution (see any standard

text for a derivation) and then the method used to solve the equations.

Define the following quantities:

a = diameter of the spherical particle (cm)

X = wavelength of the incident radiation (m)

10-2 na

= dimensionless size parameter (the factor 10- 2 converts

a from cm to m)

III = R  - i III

= complex index of refraction of the sphere (note that here



we are using m instead of n, since by custom n is used as

the order in the Mie formulas)

Y = mot

aSCA = scattering cross section of the sphere (m-)

aABS = absorption cross section of the sphere (m)

aBKS = backscatter cross section 
of the sphere (m )

= 4 "SCA
QSCA = 10

) rr(a/2) 2

= scattering efficiency (ratio of scattering cross section to

physical cross section) of the sphere. The factor 104 converts
2 2

the sphere area in cm to m 2

Q 104 ABS
ABS (a/2

= absorption efficiency of the sphere

QEXT = QABS + QSCA - extinction efficiency

QBKS = 104  2BKS
n(a/2)2

= backscatter efficiency

S(O) = scattering function (m sr 1). S(v,) dl. is the fraction of the

incident unpolarized energy per unit area that is scattered

into solid angle dQ2 centered about the direction that makes

an angle 6 with the direction of the incident radiation

(0 is the scattering angle). Note that a BKS = 4 S(r).

Currently the WEPH code only uses the extinction parameters (to

calculate total attenuation). We include the scattering and absorp-

tion parameters and the scattering function in our present discussion

of the Mie solutions for completeness, and to allow for use in other

DNA engineering codes.

12



hel equations for the Mie solution are:

2SCA 2 (2n + 1) an 12 + lbn,C Ot n=l n

Q ' E (2n + 1) Re (a + b ) (2)QEXT Ot2 nln
cxI n~l

(where Re signifies the real part of)

QABS = QLXT - QSCA (3)

4 €1 n2
QBKS - - I ,.., (n + _,)(-1) (an - b n)1 (4)

S(o) = ( 2  s,(o ) 2 (6) 12  (S)

where
axn (Y)n (c) -. YTn (a) ' (Y)

n n n n
a ii=a) 

0

b 1Y n n i_ n (7)

n YT(Y)c (a) n(an(Y)
n n n

S1 (e) 2 + a n m n(cos 0) + bnT (Cos ) (8)

S (0) E 2n + 1 {b 7 (cos 0) + a T (cos 0)( (9)
and 2  0  = 1 n(n + 1) " n n 

n n
n= 1

and

TI (z) = 112 n+l, 2 (z)n (T )(10)

Wn (z) =)1/2 [ni 2 (Z) + i(-1) ni,() (W
n n/1 3

t 13

," ! __ -M



71 (cos U) = I' (cos 0) (12)n 
n10

n(Cos ) s d cos 1 n(coS 0) . (13)

The ' s are spherical Bessel functions of complex argument and half-

integer order. The IIs are Legendre polynomials. Y and j are Riccati-

Bessel functions, and I and i are associated Legendre polynomials. De-

fine an arbitrarily oriented plane containing the scattering sphere and

the incident radiation. Then for scattered radiation within the plane,

the complex amplitude function SI (0) describes the scattering for an in-

cident plane wave with vertical polarization (E perpendicular to the

scattering plane; S(0, is for horizontal polarization (E parallel to

the scattering plane).

As might be expected from the complexity of the Mie equations, the

numerical evaluation of Q SCA' QEXT' and S(0) for a given m and a is not,

in general, a trivial task. The terms in the infinite series have to

be evaluated and summed. The number of terms that have to be evaluated

before the series converge depends primarily upon the size parameter 0.

RoughlY, the number of Mic terms required is 1.5Y; for large particles

and small wavelengths, several hundred terms are often required before

convergence.

The evaluation of the various orders of F ,n' and T are straight-

n nP n
forward. We can use the well known recurrence relations of Bessel func-

tions and Legendre polynomials to obtain

2n - I
"n (X)  C ,:---- --- n-I( )  - F (a) P(1n-24)

with initial values

FO(a) = sin a. + i cos u (15)

= cos U- i sin a (16)

2n-l1 n
T (Cos 0) cn - Cos 0 -a (Cos 0) n 7T (cos 0) (17)

n n -I n-l n I n-2

14
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T (Cos 6)=cos 0 Ti (cos 0) - n 2 (Cos OJ]
"n-

11In(° n- I

G(2n - 1) sin 0 TTn1-1(Cos 0 + n 2 (Cos 6) (18)

The initial values are

T (cos 0) = 0

I (cos 0) = 0

11l(COS 0) I

T (Cos 0) = cos 0

7T,(cos 0) = 3 cos u

T,(cos 0) = 3 cos (20)

With the initial values, we can use the forward recurrence relations to

generate the required terms to any' order. The forward recursion tech-

nique for these three functions is stable and accurate.

To complete our numerical evaluation, we define the complex function

A (Y) (19)

with this definition, the Mie formulas for a and b can be written:+ n n

M Re U , n-.)! - (a) (20)a
n A n(Y ) n , , ,m + CkX (a) - l

(mAn(Y) + n)Rec (a)( - RefI-(x)
b O= n- (21)

(mA (Y) + n
n OYU) Fn-l O('

The primary difficulty in the evaluation of the Mie formulas lies in

the evaluation of A n(Y). Using the properties of the Bessel functions,

15
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we can write A (Y) as

n Jn-!(Y)
An(Y) - y + (22.)n Y J 1/(Y)

Thus, if we can evaluate the Bessel functions, say by, forward recursion,

A (Y), can be evaluated. Alternately, we can use the recurrence rela-n

tions for the ratios of the Bessel functions and write the recursion

equation for A n(Y) itself as

(Y) =-n + - A 1_ (y))-(23A M n1 Y (23)

with initial condition

A (Y) = cos Y(24)
o sin Y

The forward recursion technique for the evaluation of A (Y) is veryn

susceptible to error in at least four cases (Reference 2):

9 When the argument is small

* hen the argument is large, requiring a large number

of orders

* When the imaginary value is larger than the real value

* For certain anomalous values.

The use of forward recursions to generate the consecutive orders of

Bessel functions is a classic example of unstable numerical methods.

The current WLPll Mie calculation uses an asymptotic analytic formula

whenever the argument is small and thus avoids the first error case; the

others still remain, however.

Many other techniques have been devised to generate the required

Bessel functions or ratios. Most techniques involve some type of back-

ward recursion. The values of the Bessel functions or the ratios are

evaluated at a high order, and the backward recursion relation is used

to evaluate the lower orders. The backward recursion does not suffer

16



from the instability of the forward method. However, care must be taken

to preserve accuracy; some techniques lose accuracy even when using

double precision arithmetic. Recently Lentz (Reference 2) has developed

an algorithm for evaluating the Bessel functions and iatios that elim-

inates the weaknesses of the earlier methods. Lentz's algorithm uses a

new technique of evaluating continued fractions that starts at the be-

ginning rather than the tail and has a built-in error check. Using the

method, any A (Y) can be generated completely independently of all pre-

ceding values with high accuracy. Readers are referred to Lentz's

article for details.

We use Lentz's method to generate A (Y) for n of order 5 1.5a andn!

then use the backward recursion relationship,

An- a - + AY) (2S)

to generate all lower orders. Using the forward recursion relations for

the other functions, the a and b are calculated and the infinite series
n n

sunumied until convergence. In almost all cases, convergence is reached

before reaching the highest precomputed order of A (Y). Otherwisen

Lentz's method is used to generate any additional needed terms.

Utilizing the Lentz algorithm, we have written a very compact com-

puter routine that evaluates the exact Mie equations for QSCA' QBKS'

QLXT (and thus QABS), and S(O). The running time is quite reasonable

for an exact calculation. For a = 1.2, three orders are required for

convergence, and the running time is 1 millisecond on a CDC 7600 com-

puter. For ct = 100, 103 orders are required with a running time of 25

milliseconds. For inclusion in the WEPII code, a simpler routine has

been assembled which calculates only QEXT and QBKS; this routine runs

considerably faster than the full calculation case. Listings of both

the full Mie calculation routine and the reduced routine are given

in Appendix A.

17
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SECTION 3

SIZE DISTRIBUTIONS OF DUST PARTICLES

The two most corunon probability distributions used to describe par-
ticulate (whether dust, smoke, haze, fog, rain, or debris) size statistics

are the power law and the log-normal distributions. The power law prob-

ability distribution is

P (a) (p-1) a - p  a <a<a
p a-(P-I) a-(P-l) min -- max (26)

min max

where

a = particle diameter (cm)

P (a) da = fraction of the particles with diameters betweenP
n and a + da

p = power law exponent

amin = minimum particle diameter in the distribution (cm)

a = maximum particle diameter in the distribution (cm).max

The log-normal distribution is

, F a/am1
2

PL(a) = enS - 0 < a < o (27)
L vlia Rn S

where

a = mean particle diameter (cm)m

S = standard deviation parameter.

The two distributions given are probability distributions, ic,

!18
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max
. P(a) da ] LL() da = 1

P0

|ii n

Let

N, = total number of particles in the power law distribution

NTL = total number of particles in the log-normal distribution,

then

f a) = N 1T ) 1)(a) (28)

fL (a) = NTLtp (a) (29)

are the number distributions for the two cases, where

f (a) da = number of particles in the power law distribu-p
tion which have diameters between a and a + da.

Let

MI. = total mass of particulates (g)

p b = bulk density of the particulate material 
(g cm-,),

then
N = T (53U

N P 7 3
PI b(as)

T  36 b ) L

where

=f max P (a) da

a min a
x maxp;4

a .mmn

S - 1 (p(I
- (p-i) - (p-l) (2

1n max
1 [a4-P a4-1p p 44 ----pTmax -min P 4
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f- -L g- [Zn S]-

(a 3 ) Lda =a 3 C33L1 fmI

0

(:ondcnsates, such as water droplets or the particles reformed from

the weapon vaporized material, are generally well described by the log-

normal size distribution. Sonic typieal values used in l'evious parti-

culate models are a = 1.4 x 10 - 5 cm (0.14 1am), S = 1.9 for recondensed

weapon material particulates and a = 5 x 10- 4 cl (5 m) , S = 2. () for

water droplets within a nuclear cloud.

Dust and crater ejecta particulates are generally bet ter described

by a power law distribution, at least for particles greater than a few,

hundredths of a centimeter in diameter. Experimental data from a number

of iE (high explosive) and nuclear tests, References 3 and 4, indicate

that typical values for the power law exponent are p -- 3.5 for rock and

cohesive soils (such as clay or shale) and p - 4 for loose unconsoli-

dated soils (such as desert alluvium or sand). Fine soils may have p 5.

The log-normal distribution is well behaved mathematicallv at both

limits of small and large particle diameters. The power law distribu-

tion is not well behaved at either limit. As ami n goes to zero both the

probability distribution P p(a min) and the total number of particles N IT

go to infinity. A..s a goes to infinity-, the probabiilitv distributionSIia x

'(a oes to a well behaved zero, but N, goes to zero for a finite M,

Ihere are several techniques emp loved to eliminate mathematical dif-

ficulties at tile emdpoints. Ilie most cominon teclnique, and the one we

.imp licitly assuimed When we defined the power law, is simply to cut the

distribution off at some lower and upper limits, a mil and amax. .Another

technique is to assume an upper Ii.miit, a x but to attach a mathematic-

ally well behaved tail at the lower end of the distribution. This lower

limit tail can be sonic artificial mathematical expression chosen for

computational convenience, or, as is often the case, can be a fit to the

actual experimental data in the smail particle limit.
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SA , Re ference 4 , rev i ewed tIiec expe r i mental dat a on dust particle

size distributions from nuclear test events. They then anl yzed in de-

tail the more recent (and more completc) dust size data from HE11 tests.

Their conclusion was that tile small size particles have a log-normal

size distribution, while the larger particles ha, a power la'' size

distribution. The size division between small and large particles oc-

curs at a particle diameter of about 0.018 cm (181 (m) . We will develop

the equations for the hybrid size distribution of a log-normal small-

limit tail attached to a power law distribution.

The hybrid probability distribution is given by

(a) (a)0 < a a

p (a) a ,in a araip - - max

here C 1 and C, are normalization constants which ensure that

aJMax
P11 (a) da = 1 (35)

CPL (a min) = CPp (a min) (36)

ic, the constants ensure that the total probability distribution is

properly normalized to unity and that the log-normal and the power law

distributions join at a mi n . C and C2 are given by

tP (a min)
p1 mm C (37)

1 PL (amfin) 2

a.
mi (a.

+ P )min) (38)
2nS L i(a)]

where
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x t2

-fdt

= cumulative probability of tbe standardized normal

random probability distribution.

For the hybrid distribution,

a
Max f IlAX

(a3 (1 = a ta da = C1 :; ( do + ( a a) da

.' i I1 m ill ) i n .]

b am - n + C2( )p
= (a  (

and the total number of particles for a given mass M is

T I (41

6 Pb (a.)

For the hybrid distribution, the fraction of the total number of particles

in the power law segment and the log-normal segment is

(N, )

N' N,

fN I. Nu(N, I'3

The fractions of the total dust mass which lie in the two segments are

(Mr) i)

(Nb I bT - bl (45~

Nil I
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For cohesive soils Reference .1 recommends the fol lowing values for

the Iyb rid di str i but i on paramet ers

a 00 (1()2 Cm (20 n)

S =2

a . = O. U 15 cm iI ( .m)
miln

a = 1 cm
I"lax

p = 3.5

The current WPI model assumes that for nuclear bursts the size

b distribution is a power law distribution best represented as that of

unconsolidated soils and takes

3 -4
1P (a) - a , i1 , u = -1

P a . - a
lInin max

a. = 0.001 cm (10 ,11)

a = 10 cl
Max

The 10-cm a value is for surface and very near surface (ie, craterin,-
Max

bursts. As the burst height is increased, cratering ceases, the lofting

power of the nuclear induced winds decreases, and a Max is alIso assumed "o

decrease.

he can improve the size distrihution model by adopting either

a general power law distribution (arbitrary1 p, not just p = 4), or

the general hybrid distribution. As we shall show later, the attenua-
tion and backscatter effects of the hybrid distribution are not signi-

[icdllildifferent from tie corresponding power law distribution except

for extremely high frequencies (greater than about 100 (;11:). For the

present, we adopt the generalized power law distribution. I f in the

future the higher frequencies become important , the hybrid distribu-

tion can be easily implemnented into the WPII code. The changes required

in the code to generalize the fixed 1 = 4 size model to a general p
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are trivial. Appendix B gives a list of' the generalized model equations

and a listing of the generalized rt;ROtP Subroutine, Which cal ciiiat eS theC

ext inct ion and backscatter cross sections;. TO illustrate the varialtionl

of effects with changing size distribut ion parameter, -i gulre 1 ho the(

extinct ion cross sect ion per gram of material as a funict ion Of 1) for d ry

sandy soil for a number of freqluencies.

For a given amotunt of dust mass, what is the di fference in ext met iw

and backscatter properties for the hybrid and the correspond inrg pm~ur L1

size distributions? To illustrate the differe-nces niumerically, weC adopt

the following parameter values:

Power law size dist ri bution I Ivhr id size di st r ibut ion

aMn= 0.001 cm (10 ;-m) a 0.018 cmi (180 kin1)

a =10 Cm1 a =10 cnm
Max ax

p = 3.5 and 4.0 lec, a 0.00, (20 1pm)

hard rock and soil = -2

particles)
p) 3 .5 and 4.0

[or both distributions, we take

NL, 10 g

The probability distributions are

t7.()00 x 10- a- . p = 3.5

P) (a) = ) 0.001 < a 10

3.00() x 10-) a -4 p = 4.0
(46)

The hybrid distribution is
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FREQUENCY =10188 MHz

10-5

C\J
E

I-

LI)

VI)
C)

DUST PARTICLES
FROM DRY, SANDY SOIL

0 0

10

I--J

10-6

447

3.0 3.5 4.0 4.5

POWER LAW EXPONENT

Figure 1. Extinction cross section for dust particles
with a power law size distribution.
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1 0.002 -
-0.5750 2 t n 2 J

e 0 < a < 0.018
a x 1 p = 3.5

1.643 x 10-7a-3.5 0.018 < a < 10

P I(a)= 1 ___ 2 (47)

.5751 - £n 2
07 e L0 < a < 0.018

aI

2.204 x lO-8a - 4 0.018 < a < 10 p=4.0

Figure 2 shows the power law and hybrid distributions. In addition

the entire log-normal probability distribution is shown. We see that

the log-normal and hybrid distributions have many particles below the

small-limit cutoff of the power law distribution. Both the power law

and hybrid distributions have more large particles than the log-normal

distribution.

The normalization constants for the hybrid distribution are

=I 0.9991 p = 3.5
C 1  = 0 . 9 9 ( 4 8 )

1 0.9992 p = 4.0

C = 1.512 x 10- 3  p = 3.5

2  1.260 x 10- 3 =4.0

" (a3 )

The (a 3 values for the two distributions are

-7 3
4.950 x 10 cm p = 3.5(a3)p - -08 m3 (50)

( 3.482 x 10p = 4.0
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Figure 2. Dust particle size probability distributions.
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1.055 × lo- 6 c11m p = 3.5

1 .992 x 1 - c = 4.0

The total number of particles in 106 grams of mass is

1.543 x 1012 p = 35
(NT)p - (52)

(2.665 x 1013 p = 4.0

11

3 4 7.241 x 10 p = 3.5
(NTl 1 0I  (53)

Al 3.835 x 112 p =4.0

The number distributions for the two cases are

1.220 x 10 a 5  p = 3.5

f (a) = (NT)pP (a) = 0.001 < a < 10 (54)
I' 1) 18.295 x a-  p 4.0

4.,1.l , -t
l  

' r . .1 O , d

I --3.

1.1 pmIU

IfI

V - o r i

8.,152 10 a 0.O " 10

We see that although the probability distributions and the total number

of particles are different for the power law and the hybrid distributions,

the number of particles versus size is virtually identical for particles
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greater than 0.018 cm (the joining point between the log-normal segment

and the power law segment in the hybrid distribution).

fp(a) (U.9752 p = 3

fH(a) (.019 p = 4.0 0.018 (56)

So any differences in the extinction and backscatter properties are due

almost entirely to the smaller particles (those with diameters less than

0.018 cm (180 tim)). The fraction of the total number of particles with

diameters less than 0.018 cm and the fraction of the total mass carried

by these smaller particles are

(fN) 0.9993 p = a < 0.018 (57)

P 0.9998 p = 4.0

( 0.9991 p = 3.5 a < 0.018 (58)

0.9992 p = 4.0

-2

( P 3.278 x = a < 0.018 (59)

0.3139 p = 4.0

i 5.680 x10 -2  p = 3.5 a < 0.018 (60)

( 1 0.3004 p = 4.0

Hence, more than 99.9 percent of the particles are small particles, but

they constitute only about 3 to 6 percent of the total mass for a hard

rock size distribution (p = 3.5) and about 30 percent for a soil dis-

tribution (p = 4.0).

The scattering and absorption cross sections for a particle of

diameter a are given by
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9

= [ 104 a a)Q 1112 I(

°SCA 104i (2]QSCA

aABS = 104i ( QABS r" I',2

where QSCA and QABS are the scattering and absorption efficiencies,

respectively. In the long wavelength limit, ic, where

10- 2ra(1- <<Ki

and

A= wavelength of the incident radiation (m)

then

4
QSCA a

QABS a a

so that

6
GSCA a

30 ABS a

In the short wavelength limit, ic, where

OL >> 1 ,

then both QSCA and QABS approach constant values and

GSCA a

2GABS a

So in the long wavelength limit, it is the largest particles that domi-

nate the total scattering cross section for the whole size distribution.

In this limit, the absorption cross section is seen to be proportional

to the amount of mass carried by the particles. Most often in the long
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wavelength limit, absorption dominates scattering so that the extinction

is also determined by the amount of mass. In the short wavelength limit,

both absorption and scattering are dominated by part ites with diameters

about a particIlar siZe. This dominant size is generally near . = 1.

Htence it the long wavelength limit obtains for the small particles,

the extinction and backscatter properties of the power law and the by-

brid distributions are virtually identical. The scatter is determined'

by the larger particles, and both numerical distributions are essenti-ll.v

the same. The absorption contribution of the smaller particles is de-

termined by their total mass, which as we have seen is negligible for

hard rock (p = 3.5) and almost identical (31 and 30 percent) for the two

distributions for soil (p = 4.0). If the long wavelength limit fails

for any of the small particles, then the two distributions wi 11 have sig-

nificantly different extinct ion and backscatter properties.

The frequency corresponding to x = I for a particle of diameter

0.018 cm is

I = 530 GIl.

Hence, for frequencies below about 100 GIL , the smail particles can be

considered to be in the long wavelength limit, and the pover law and ly-

brid distributions produce essentially identical propagation effects.

The simpler power law formulation can be used without loss of accuracy.

If the frequency of interest rises much above 100 G;1t, then the hybrid

i



SECTION 4

COMPLEX INDEX OF REFRACTION
OF DUST PARTICLES

The complex index of refraction determines the scattering and absorp-

tion properties of a dust particle. In the current WPTH model, there are

three typical soil types built in the program with the indices given in

Table 1. These are representative values for soils at a frequency of 3

Gilz (S-band). These values are taken as constants, independent of fre-

quency. At frequencies much lower than S-band, the dust effects are gen-

erally negligible. It was also assumed that the primary' interest was for

frequencies below about 10 Gliz. Therefore a constant index of refraction

was a reasonable assumption. But with the addition of a stem dust model,

the dust loading may be high enough to significantly affect frequencies

lower than S-band. In addition, radar and communication systems with

frequencies higher than 10 Gil: are becoming more common. The frequency

range of interest has broadened sufficiently that the assumption that the

index of refraction is independent of frequency is no longer valid.

Table 1. WEPH soil types.

Soil Type Index of Refraction

Wet clay 3.5 - 0.4i

Dry sand 1.5 - 0.025i

Ire-covered soil .7 - O.CCi24i

Also, allowing only three choices of soil types is unduly restrictive.

There is essentially an infinite variety of soils, with a continuous vari-

ation of the index of refraction. The absorption due to dust particles

is proportional to the imaginary part of the complex index of refraction.
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The three soil choices have imaginary indices roughly an order of mag-

nitude apart. The attenuation for a system could be 1, 10, or '00 dB,

depending oil the choice made for the soil type. A finer d ion of

soil types (and thus attenuations) is called for.

A other ma ior assumption, implicitly expressed, is that tile so iI

intdex of refraction can also be uIsed fur the indrdex of refraction for the

individual dust particles. Most soil indices of refraction are derived

from measurements made on soil samples which have been removed from the

field and carried back to the laboratory. Soil can be considered to

consist of three components-solid material, water, and air. The soil

indices are determined by the relative fractions of the three components,

and by the electrical properties of the sol id and water components. I z

s~t: soil, laboratory soil samples, and individual particles will all

have different fractions of the three constitutive components and wi'l

thus have different indices of refraction. There are various mixing

rules available which relate the index of soil in one state to the

index of the same soil in another state. We will make use of the

semidisperse model of Reference 5. In addition to relating the indices

of' different phases of the same soil, the semidisperse model allows the

index of refraction to be calculated for a given soil or particle if

the dielectric properties and volume fractions of the constituents are

known.

For the WEPII code, a more complete method for specifying the index

of refraction for dust particles is required. There are a number of

possible approaches. The simplest and most general (and the easiest

to i:mplement into the code) is to allow the user to specify as input

the index of refraction for each input frequency. This input option

is the most accurate provided, naturally, that the user knows the index

of refraction of the dust particles (not the soil index) for his case

of interest. In many cases the user may know various physical or

electrical characteristics of the soils but not the indices of the

individual particles. Later in this section, we present analytic

methods of calculating the dust particle index of refraction knowing
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either the characteristics of the dust particle or of the bulk soil.

Another option is to expand the buil It-in choices of soils. The

present choices of three soils with widely spaced imaginary indices

can be expanded to, say, ten soils with more closely spaced imaginary

indices. The user would choose one of the ten typical soil types, and

the built-in index of refraction list would consist of the indices

of the dust particles formed from the chosen soil. Moreover, the indices

Would be frequency dependent.

We now present the semidisperse model. We begin b) defining the

complex permittivity of a medium. The permittivity appears in the

literature in various forms depending on how the permittivity was

measured or the physics in which the permittivity appears. The most

common form is the relative complex permittivity:

S - i --

-K- C wo
0

K(1- i tan 6) , (03)

where

relative complex permittivity

complex permittivity (Fm - )

c K = relative dielectric constant (often reported simply

-is the dielectric constant)

= dielectric loss factor

di .lctric los ang Ic (ra) .... ...ies ,il. divlecLric

phase angle 0 is given, where 0 = 7/2 - 6
-1

(A = angular frequency of incident radiation (rad s

-l
(I = material conductivity (mho m )

C = permittivity of free space (8.85 1 10 1 m- )

oi I
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The complex index of refraction is related to the relative complex per-

mitt ivity by

I L (64)

riting i l in terms of its real and imaginary parts as

m = mR -im , (65)

then

" mR  = ( + -

= 2 + -7

K I +- + (66)

0

I + 7 - +1

0S + 9+ 1(67)

g-K-w-

For a monochromatic pine electromagnutic wave propagating in the z

direction in a uniform medium with complex index of refraction m, the

electric field intensity can be written as

im(t - nz/c)E:(z,t) =E 0e

o

iwt -inz -iz
=E e e e (68)
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'y t IIIH propagat ion ta ctor (mii(-

a =attenuat ion taIctur (Inepers II

c II mR phase factor ( rad 11 (71

is thle attCnuat ionI coejffic ent for thle a()iud Ur interest is

nlormal lv in the power attenuation Coefficient, whlich is

d ni -7?1
6c 11 10

A dust cOlud consists, of discrete dust part iciles disperse in air.

In the general case, the: part i ci es' both abSOrb) anrd scat ter the inc i deit

rad iat ion. In 'nr ithen, the cloud cannot be cons idered a uni form

me1dium11; And thle attCenUa1t ion1 coeffi ciCent muLst be calculaited using" the

MIic theory rather than the simple un1iform medium express ion of' '.qua-

t i oil 7?. Under certain restr~ict ive cond it ions , howecver , the cloud

can be con side red aI an iform mCdi urn , aInd the s imp 1cr aItt enuaZt ion CandI

phasdeay)CijL1utionlS can he uIsed. If the Ionp wavceliotl h iit it

ta ins ) radiation wave I ngtli much larger than the dust part i cl CSizeCs)

and absorpt ion) dominates scattering), then thle attenuation is proportional

to the dust c lud mass dens ity and does not depend upon the details of'

thle particle sie.In this simpleI caIse, a dust cloud i: lex of refrac-

t ion can be defined and the uniform med ium relat ions Used. Yhe exalct

MIie relat ions can al1so be Used for this simple case, of' coursc the

same 1' :1f teOnn-; io I'll f cC;'I-- iC t re i is from e ithler caII l Ilat ion . K1h01

scattering is significant, or thle long wavelength limit does niot obtalin,

only thle Mie relations can bie used for the. aittenuat ion. Vor backscatter

Cal culat ions, thle MIi e re1 at ions must be usdill a11 Ca ses.

(Cons ider a two0-phase iitUrce consi sting et a di sperse' phasec ( dis-

crete elements) contained in a coniIOU uous meium11, IS shown%1 in I i o.1C

36



DISPERSE EL[MBT'S

<9

CONTINUOUS MEDIUM~

Figure 3. A two-phase mixture.

Lbet

*=relative complex permittivity of the two-phase mixtUre

E= relative complex permittivity of the continuous medium

= relat ive complex permittivity of the di sperse eilcment-,

= krolume fraction of the disperse phase

volume of disperse elements

total Volume

Then the mixing rule for this two-phase system is given by H anai , Refer-

ence 0, as

- 1/3

Koh schIa11 I (Rference 5) shows that the permi tt ivi ty of a multi -phase ss

tern can be calculated by the appropriate repeated applications of this

two-phase mixing rule. Let

3

md (75)

m

371



Cubing both sides of Ltquation 73 and gathering terms, tile two-phase

Inixi ng Iu L1e can be written Is a cubic equation:

o)r

- 4 2 .3
C'~ - f:*.*- .C - -*d = 0 (7

- + d -C* dC

idci i d ii d

Tihe first form is appropriate i f and i a re knotwn and i S the Ln -
d

known. The second form is for L* and c known, with L* unknown. These

cubic equations can be solved by tile st~indard techniques, and a COmllputer

routine has been written to solve their (given in Appendix C).

Our first application of the mixing rule will he the calculation of

the permittivity of a particle knowing the constituent properties. The

particle will be considered to be a mixture of solid material, water, and

air. First consider a large particle such as a rock. For most rocks,

conduction is electrolytic, the conduction medi um being an aqueous solu-

tion of common salts, distributed in a complicated manner through the

pore structure of a rock (Reference 7). As long as there is a continuous

film of water over ill the surfaces of the rock structure, the rock Lol-

ductivity is a smooth function of the water volume and water conductivity.

"lhe solid {essentiallv nonconducting) mterial of the rock can be con-

sidered to be dispersed in a conducting water medium. If the water con-

tent of the rock is below the cr'tical saturation (the water film is no

longer continuous), then we would have discrete conducting water elements

dispersed in a nonconducting medium; the conductivity of the rock would

be greatly reduced. Besides solid and water, a rock has air in its pore

structure. The fraction of air in a rock is known as its porosity. We

will assume that a dust particle is constructed similarlv to a rock.

Further, we assume the water film in the particle is unbroken. For the

particle, let

f = volumie fra:ction of solid material
3
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f = volume fraction of air (porosity)a

f = volume fraction of water

t, * * complex relative permittivities of solid, air, and
a w

water, respectively

Note that f + f + f
S a w

We calculate the permittivity of the particle by two successive applica-

tions of the mixing rule, AIquation 76 . First we find the permittivity

of the solid-water mixture by considering that the solid is dispers'-d

in the continuous water. Thus

d s

1 w
f

S
.' W

for the first application. Let E* be the solution for the solid-water
sw

mixture. The particle permittivity is found by a second application

considering that air is dispersed in the continuous solid-water mixture.

We use Laquation 70 again with

d a

* Ck

fi SW

< = f a

For frequencies below about 1 G11z the relative dielectric constant

of water is essentially constant, and is given by

K = 87.8 - 0.371', (78)w

where T is the temperature (C). It happens that Ks varies little with

soil type and is approximately equal to 3.5 (Reference 5). We will

calculate the dielectric constant and conductivity of the particle

assuming the following parameters:
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K 79.1w

K = 1.o
a

a =0
a

K 3.5
S

0 = 0
S

Recall that

1.7976 x 101L* i K f -(- 79)

0

where f is the frequency (liz). Applying the mixing rule twice as dis-

cussed above leads to the results shown in Table 2, where is the

conductivity of the particle (mho m- .

Table 2. Dielectric constant and conductivity of a particle.

t f 0

, b.1 .3 4.t 3.q 3.3 0. 03t, 0.031 .u ,I

I I . 11 0.4 10.0 3.6 7.3 6.1 5. 0u.093 0. 0,'; tW. 667 44

3 V.1 14.b 12.7 1 o.6 .7 7.0 0.17 .14 0.12 U .:

J.4 2
3

.w 0. 17.4 14.5 11.. ' 3 .26 0.22 0.13 1

.5 1 . 2 2t.9 £2.8 18.9 15.3 12.u j.3, .30 0.25 0.21 0.17 3

Analytic fits to these results are given by

K = 30.5 (1.475x2 +1.010x+0.126)(0.4033f - 1.388f +l.O0) (80)p a a

op = 0.355a (2x + 1.045x- 0.023)(0.423f " 
- 1.5f + 1) mho m 1 (81)p wa a

The error in the conductivity fit is less than 1.5 percent. The maximum

error in the dielectric constant fit is 9 percent; for all but two table

entries, the error is less than 4 percent. The normal ranges for porosity
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in rocks (f a) is from 0 to about 60 percent, with a median value of about
-1

15 percent. For connate water conductivity, 0.05 mho m is a low con-

ducitvity, 0.3 is a typical medium value, and 20 is a high value at radio

broadcast frequencies.

The DICE THROW event was an LE (high explosive) test, conducted near

the Giant Patriot site on the White Sands Missile Range, 6 October 1976

(Reference 8). The charge for this test was composed of approximately

028 tons (570 metric tons) of ammonium nitrate fuel oil (ANFO). A com-

plement of 33 experimenters and support agencies participated in this

nuclear simulation test event. SRI (References 8,9,10) fielded a UHF/

microwave transmission experiment to measure the effects of dust and

debris on signals passing through the cloud generated by the blast.

Both amplitude and phase shift were measured. The measurement frequen-

cies are shown in Table 3. Several samples of loose crater material

were collected after the detonation and analyzed to determine their

dielectric properties and mass densities. Using the laboratory measure-

ments we will compute the dielectric properties of the individual dust

grains by means of the mixing rule. Using the dust grain values, we will

then compute the propagation properties of the dust cloud by two methods:

first, by the simpler mixing rule method, and second by the full Mie cal-

culation. Finally, we will compare our calculated values of the dust

cloud attenuation with the experimentally measured values.

We expect our calculated dust cloud attenuations to be equal or less

than the measured attenuations. This is because the actual cloud has

not only dust but the combustion products of the 628 tons of ANFO. If

the extra attenuation due to these combustion products is unimportant at

a given frequency, then the calculated and measured attenuations should

be similar. If the combustion products attenuation is significant, then

the dust attenuation will fall significantly below the measured attenua-

tion. In the case of a nuclear device, the attenuation due to the device

products will be negligible compared to the dust, since the nuclear pro-

ducts represent an infinitesimal fraction of the nuclear-lofted dust.
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Table 3. Measurement frequencies.

Path Frequency
(MHz)

1 378.608, 413.028, 447.447
1273.503

2891. 196

10188.024

2 413.028

10188.024

3 413.028

10188.024

4 424.501

8914.521

5 424.501

6 424.501

After the test, soil samples were taken from the resultant crater.

There appeared to be three characteristic soils comprising the crater,

descriptively labeled in Reference 10 as sand, Caliche A, and Caliche B.

Laboratory measurements on each of these soil types are summarized in

Table 4 (Reference 10).

The relative permittivity of the soil in the lab fixture is

*0E = Kt - i f tan S = f - I cf f f 0 f (82)

where the subscript f denotes values in the lab fixture. Let us assume

a linear variation of Kf with frequency. Then for the 8 transmission

frequencies, the lab permittivities are given in Table S.

Next we apply the mixing rule to the lab permittivities to calculate

the permittivities of the individual dust grains. In this case, the

mixture permittivities are known and we vant to solve for one of the

42



Table 4. Lab test results for the crater soils.

Electrical Measurements
Density Measurements of Soil in Lab Fixture

Samp l e
Density in Soil Grain Dielectric Constant tan 60  G -
Lab Fixture Density
(g cm-3 (g cm-13 1 GHz 10 GHz (mho m-

Sand 1.521 2.56 2.9 2.5 0.025 0.0024

Caliche A 1.207 2.64 2.8 2.4 0.024 0.0031

Caliche B 1.472 2.64 3.0 2.7 0.021 0.0014

constituents, so ltjtuation 7/7 is used. In the lab fixture we consider

the soil mixture to be composed of dust grains and air. The grains

are conducting and in contact with each other, so that the grains are

the continuous medium and the air is the disperse phase. Thus in

lquation 77,

* (grain permittivity)

c* = 1.0 - i(0) (air permittivity)
d

L* = E* (lab permittivities)-f

0.4059 (sand)

S ir volume lab soil density = 0.5428 (Caliche A)
total volume 

1 grain density

10.4424 (Caliche B)

The results for the dust grain permittivities and indices of refraction

are given in Table 0.
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Table 5. Lab permittivities for the transmission frequencies.

Lab Perwittivities

Frequency (MHz) Sand Caliche A Caliche B
I t- I II II

f f f f

378.608 2.93 0.187 2.83 0.215 3.02 0.130

413.028 2.93 0.178 2.83 0.203 3.02 0.124

424.501 2.93 0.175 2.83 0.199 3.02 0.123

447.447 2.92 0.169 2.82 0.192 3.02 0.120

1 273.503 2.89 0.106 2.79 0.111 2.99 0.0826

2 891.196 2.82 0.0854 2.72 0.0846 2.94 0.0704

8 914.512 2.55 0.0686 2.45 0.0651 2.74 0.0604

10 188.024 2.49 0.0665 2.39 0.0628 2.69 0.0590

Table 6. Dust grain permittivities and
indices of refraction.

Frequency Sand [Calche A Caliche [I
(MHz m , . mR  ]rr[ '

gg b
1  1~ g~f P TT g [TI

37,8.608 4.84 0.395 2.20 0.O%,97 6.20 0.665 2.49 0.133 5.40 0.302 2,32 3 .'" 4

4'3.028 4.84 0.376 2.20 0.0854 6.20 0.628 2.49 0.126 5.40 0.28 2.32 C 61

424.50I 4.84 0.370 2.20 0.0839 6.20 0.616 2.49 0.124 5.40 0.2.6 2.32 3. 14

447.447 4.82 0.357 2.20 0.0"12 6.17 0.594 2.49 0.119 5.40 n.279 2.32 . 06.

1 273.503 4.76 0.224 2.18 0.0513 6.07 0.343 2.46 0.0695 5.33 0.102 2.31

2 o91.196 4.61 0.160 2.15 0.0419 5. 8)6 0.261 2.42 0.053,, 5.21 0.163 2.2 5

c, 914.512 4.04 0.143 2.01 0.0356 5.03 0.1%4 i 2.24 0.0442 4.78 0.13 2.1 .

Lu I T8.U24 3.92 0.139 1 .96, 0.035 4.. ' .191 . 0 0.0433 4.63 136, 2.lh ;.
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Using the dust grain indices of 'labt (,, wec next calc 'Ilte thek

pxopa ga t ion prope rt i cesk f the 1)1 T iuiMW do [St c 101 oid I I r S t I% c a s5 sWL11

that thle long kwavelength l imi t obta ins and that sctterli 11 ilS I cli I-

ticant compared to absorpt io 01. We Cani t hen LISe t hie 1111 1 1!, Fil V to calJ I I-

late the index of refract ioni of tile c loudl and use juat i ons 1 and

to find thle phase shi ft and attenUat iOn Coefficient . he Luse, tic f!, Al 08 1

rule Ot iluIationl 7c with thle dust grains d i spersed i n a Ii I- IakeV the1

diust dens i tv in1 thle C l oud to be[ I U -gc111 till S i S thet est i 11at ed %a ;i I e

o t the dIust deIs i t v' When1 thle CIoud had aI d 1 dliete olF0 a holit I) Ill

tJa ble 7 gives the periiitt ivities anid indices of refract ion of' the-

dust Cloud. LqJuat ions 71 and 72 are no0w Used to cal culIate the Jpropacat ion

properties of thle cloud. We convert thle l inear Coeffic ients into mias

penet rated coefficijent,; bY dividing bY thlt cloud dust des t I Ithes-e

maKss penetrated Vlues Can then be used for anY c loud densIIity. Table1

8 showvs thle results.

As anr e.\Illh)le Of thle Use Of the propagatlonl parameters , weC ConISidCe

a0 l II I raV path t broLug ai cloud Of aVerageC dust denlsitv of 10 -g cm-

lb is corresponds to a mass penlet rated value of 1 (1 g m . f the1 duLS t

were com1posed o f sa nd , t hien thle dust - i nduced pha se sh i ft and at tenua-

tioni woulId b e 2. 78 rad anrd 1. .0 dB~ at 378 .008 Nilt: a nd 65. 1 rad anid

1..3 dB at I10188S. 02-1 Mi:.

Next we use the fIll I ieca Iculat ion. lWe use the dust grain indices

of refract ion ot lable 0 and thre KIiTH power- law si ze distribution de-

scribed in thre previous sect ion. The exact power-law exponent for tile

N1(1 'iiROW dust ci oud is niot known , but is thought to lie between thle

x'aiie 4 rid5. In order to prevent damage to the experimental equip-

ment from large soil missiles t brown out by the blast , an annular ring

Of *): sOil around thle explosive was removed and replaced with sand.

tHe dIust cl oud part icl1es are biased toward smll1 particles. The Mie e x-

t i net Ion and absorpt ion coefficients are shown in Table 9 for power- law

exponents of 3. 5 ("'hard rock") , 4.0 ('unconsolidated soils")~, and 4.5

(''fine sol' Hie Mie scattering coefficient is the difference be-

twecen the( ext inct ion anid absorpt ion coefficients. At the lower



2 c 3

Table 7. Dust cloud (p 10 g )11 permittivities
anid indices of refraction.

Table 8. Dust cloud propagation properties from mixing rule.
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tllc ';111;1 1c' Cn ia I'' parIt i c I c d i '- r i hit i on S I iar ' p r 1 Ilie c x t i II C-

t 1 o1n 1 - de rlu' t eI 1\to0 t he albso rpt Ionl and is" t III-' sai1c, iit iii i li u ' CII

n)LIt Ait 0 11a A aCCLir v IAS t hit 0 f 'I ab1)1e S C a Ic C II at CIA V t Ile S' si1iji) 1 i (511X ii

rle . \t t III' Ill hcI' i1'ejiielic I ic' tan I a r'g' prt i c 1 kc d i st r I!Ut 005l-.

>iH1i 1 1.i 1- ta 1 ~ JItI - l]UIk MiCI IK Coiiipii red to t he

l. A e C'lect 1. 'Scat tc Cn becme mo1 )COICS1re imIlport ant :!iid dominlateUs t Ile C.X-

t IIlk.:t ion1. SerAiouS errors would reQsult Itf the simplI)e mliXing rleI V\ere

wused, to calculate thle e i~nct ion f-oI the(,se cases.

111 tilI) LTi 'ii IJR0 dus t c loud t i'allsii 55 i on exper i mierits , both pha se

S hI t't anld ext inIlk t I i Iwere measured ii -gure 4 f'rom Referenice Il shows

t le pha~se shIli It S ohl t rmisiii ss iOnl path I as a fuinct ion of t ime for the

t iirec I oH c't fruenc Cic k. cs . I've I i 1I as sume that thle ci oud is composed

I-r m1:ar ii>% ot I sand par-t i c I c'S 1, i t h a power -law s ize distribution exponent

o )f I4. "I Us i IIIg the pliase sh i ft pa ramet crs from Table S and the phase

sl I ft S o t' 1 i i'ul'e'I. C' all tl ICiilate tilie, meanl mas-;s pen'hetraited as a func -

t ioil o1 t Illw . Wc i cilore-c t hl- c' lCilit i I i t io05 aibouit thle nIeaii phaise sIi f-t

I Inc.

I I OLiI'cL' tilth' s 5 t J eali;ass, J'iic't 'at cd . he uISe tilit' Mass penetrated

i;c III storek aInd the 'i c cu i oc-t Io mioeftic ji ents for sand and p =4 .5- of

I ilI c 9i t o c aICUla Jte t Ie mea 11 Xt i IIC't iOil as a fcIn1ct iOil o f t ime and f re-

kjull'ii . I I ,llru 0 shotws t hc inca siiI'ecl at t enuat ions (Refterencec 1 0 and onur

c.Alciatd values-. H ie dataj ;hioi% s;t roi scinit I I latiolns about thle nie;iii

10sopt 1o. ii'clcIulated rican values show% reasonable ,c'rmecnet at the

SoW'; t All,! ii 1Ji St t'rckislu~iC i, but do not prIoduLc' e enocigh at t cniat i on at

lie iiterrc'cl.iate, tt'ekueIcicics,. As wec speculated C'arl i, tie missing at -

ciiiat i o i 'it th 'In termed iate freyp nrc c's ma\' he dueC *io tI conmbus t ion

ptOcLuC' -sOf' the 02S tons~ Of' :\N!) in the c loud which we !have neglectedc.

\i~t cr'''~i 0 i I It i , t nit thle SiZe cliStri blut ion Of- tile dust part ic Ic's

;d\t Ilot 'c, Hc' 11 rI'piI'c's'uiltC cci h A 1) p .4.5 power lawl' distribcition. lie -

tic'' so l'ia'; i'cliOCc and rc'pLiced with sand, the

lesuil1 t Ill- dl:'t pa -t iC Ic' Si Icci StrFihlit ionl ;1aI be abnormial .
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SE FION 5

DUST MODELS FOR THE STEM
AND PRECURSOR PEDESTAL REGIONS

Theoretical investigations of dust in a nuclear environment have

been carried out for many years at many different companies, including

SAl (Science Applications Inc.), IITRI (Illinois Institute of Technology

Research Institute), ATI (Applied Theory Inc) and S3 (Systems, Science,

and S t i ( re I see leC ft'L'RrLnct's 11 to IS). The rliechIznismsns of drlist 9 eiie2a -

tion and transport have been studied. Dust generation includes cr:t er

ejecta, dust "popcorned" from the surface due to the thermal pulSe 01'

the device (with a minor contribution de to the neutron output), and

the subsequent "scouring" of additional dust from the surface due to

the outgoing shockwave and the inrushing afterwinds. Transport involves

following the motion of the dust after generation, both within and out-

side the fireball.

The general technique in the transport studies is tic following:

1. Assume an initial dust mass distribution in space and a

particle size distribution. The initial mass distribution can

come from the dust generation results or from empirical models.

2. Obtain a model for the air density and velocity flow fields

as a function of time. Both large hydrodynamic codes (such

as IIULL and SIIELL) and idealized models (such as ttill's spherical

vortex) have been used to specify the fields.

. Vollow the motion of a large number of individual particles in

the flow fields. The number and size of the-Aparticles are

chosen so as to give good statistics for size distribution and

mass density. The particles are assumed not to affect the

flow fields. The particle motion is followed under the effects

of gravity ind drag (from the flow).
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Using results, from nuclear test experiments, II experiments, and

thle theoretical studies, (;I-'INIl'O developed a systems model for the dust

it hi ii the' fi rcbzi II jeference IS) . lhis miodue 1 .as lsed ill the RAN(*

Znd WEIII nuclear weapon effects codes, and was subsequently adopted for

the ROSCOE systems code. Besides thle fireball region, the stem and

pedestal re"i ons alIso containl dUs'-t. ligui-e shows. an art ist 'sshth

Of aI surface or near- surface miclear detonation. There now exist sufficient

data, both theoretical and experimental, for the development of a systems

model for the dust within the stem and pedestal regions. In this section

we develop such a model.

Figure 7. Sketch of the nuclear dust regions.
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We first consider the dust pedestal region. A typical pedestal

region will extend out to about three initial fireball radii and be

50 to 100 meters thick, containing roughly 0.03 NIT of dust per NT of

yield (Reference 11). The formation of a large dust pedestal region

is a unique characteristic of a nuclear detonation. About 40 percent

of the total yield of a nuclear detonation is emitted from the fire-

ball in the form of thermal radiation. The soil surface around the

fireball region is irradiated by this thermal flux. The weapon neutron

and X-ray output may' also irradiate the soil surface; but the range of

these outputs is so short that the affected soil is within the fireball

or stem regions, and so they do not contribute to pedestal function.

The thermal irradiation causes the top 0.3 to 1 mm layer of soil to be

thrown off, forming a low-lying dust layer. For wet soils, steam pro-

duction is probably the throw-off mechanism. For dry soils, a "pop-

corning" effect is observed, probably due to the release of hydrated

water (Reference 12).

The air in this low-lying dust region is heated by a variety of

mechanisms. There is conduction from the hot soil surface, convection

within the layer, steam production in the case of wet soils, and con-
duction heat from the hot thrown-up soil particles. Once the dust

layer is formed, the dust particles absorb the incident thermal radia-

tion and efficiently transfer the absorbed heat to the air by conduc-

tion. The net result is the formation of a thin, hot, dusty air layer

above the surface. Sound propagates faster in heated air. As the blast-

produced shock wave propagates outward from the burst, that portion of

the shock propagating in the heated region travels faster than the main

shock; it becomes the shock precursor. Figure 8 from Reference 12 shows

a sketch of the shock behavior. The outrunning shock wave scours some

additional dust from the soil surface. The formation of a shock pre-

cursor causes large vertical air velocities behind the shock front which

carry the dust upward 50 to 100 meters.

The dust product ion from a conventional explosion differs signi fi-

cantly from that of a nuclear explosion. Conventionally, there is no

hot air layer existing before the shock arrival. The outrunning shock
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can scour dust from t he surface, but there are no precursor-induced

vertical velocity components to carry the dust to relatively high a lti-

tudes. Thus the total dust production is proportionally less and t he

dust is confined to the near surface layer. [he nuclear-produced ddst

is truly a "precursor" i)edestal.

For the development ofr our systems model for the dust pedestal,

w, rely primarily upon the work reported in References 11, 12, and 13.

In these reports the authors have studied the pedestal formation and

time history from both a theoretical and experimental approach. 'I hc

experimental data consists primarily of photographic records of' nuclear

test events at the Nevada Test Site; there are also a few dust den- i tv

measurement s.

Ne begin "ith the geometrical modeling of the dust pedestal. From

test observations, the thermally produced dust layer is rapidly lofted

to its maximum altitude after passage of the shock wave. The radius

grows out to a fairly well defined maximum radius (where the shock be-

conies too weak to loft the dust). Figure 9 from Reference 12 shows

the time history of some typical dust profiles predicted by the PRIAhUM

code. SAI approximates the final pedestal dust cloud by the simple

geometry shown in Figure 1(. Utilizing the photographic data, an

empirical model for IblAX and k x. was developed in Reference 12. '1his

model is shown in Figure 11; also shown is an estimate of RNMIlN developed

from PREDUN1 calculations. For our pedestal model we choose the simple

geometry of an annular cylinder; the inner radius is taken as the stem

radius. Our geometry is shown in Figure 12.

As the burst altitude is increased above the ground surface, the

thermal flux at the ground and the strength of the outrunning shock

wave become weaker. Fventually an altitude is reached at which no pre-

cursor is formed. Reference 12 estimates that this point is reached at

an altitude of about

IfNM(ft) 075 W1/ (KT,
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Figure 10. PREDUM predictions for shot DOG and simplified
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Figure 12. Pedestal and stem geometry.

In our model we will assume that no dust pedestal is formed for bursts

whose detonation altitude is above 1X

For the maximum radius reached by thc dust pedestal, we take a

simple two-segment linear fit intermediate between the I and'I

curves Of Figure 11. The fit is

2.21 113I(ftJ + 525W 1/3 (K )0 < 1 B(ft) ~I 2G$I:V 1K;

101 6 11 B(ft) + 942W /3(KT) 20SW '(ft) 11B (ft) 7V
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i-

6.71 x 1o-" tB(km) - 1.0o O 1 /3 (w) 0 < titi(kn) < 0.625, L 1/3jM ;

N A IX 4 .4. 8 8 x o -s i B ( k u j 2 .S W 1 / 3  ( M T ) 0 .b 2 S W 1 / 3 M T ) < H b k iu ) < 2 . 0 6 W 1 3  ( T )

:i'goure 13 from Keference 12 shows the estimates for tihe hcigiht of

the final pedestal dust cloud; shown are the test data points, the
"best estimate" (empirical model), and the I'RLIDUM code predictions.

WC a dopt the foll1ing fit (also s hown on Figtre 13):

111) (ft) 40W1/ K'If) exp[ 2.IIx 8(fta 1= .- ..V -- (S5al
t ,l1( 1 / K1I)

1/Ii (kil)
Iit(kil)l 0.122 K (M I Cxp 0. 1/73

MAX L3. ("')

he ,ill model the time history of the pedestal radius as it gro,s

fron the stem radius to itS :ximunn, : radius. ke ignore the short build-

OJ) t.ilac t hat it takes the dust to reach its maximum altitude, and take

the pedestal hei ght as a constant equal to [(p M\\ . Cons ider a hurst at

an altitude low enough for a precursor to be formed. The shock wave

travels downward from the hurst point, intersects the ground, and then

travels outward along the ground surface. The precursor forms ah the

dust pedestal is generated. We take as the pedestal outer radius time

hi story,
0 t t_ tsI;

()1 rERp t5t < t '- t

P t) - h. 11 t) tttSl - - pr

Ft
R S ( t p) +I 1 - RS tpr]I- ].5 t >t p

(80

whe re

t t = time of arrival of the shock at the ground (s)
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it = tR S]It i (2 Si 1 I \)
I, I i ) kil

t r = t tsill~ p , i ,S = ! ( )- \ (1/3 K.'))

.328.1 II

\/LI }L ) + I .

We Call inVert Lquatiol 80 to t' ild t Jic shock (rout i ad 1u :- .1 .1f )L tionl

of time. Define a scalcd timc

t
L =  -(94)

'l'i

1l1h0e i n1vCrtinlfg hilIu t i OI1 S0

(t ) = 0.54.255,5

- 2 - .26 1. 94 + 15. 89-L + 0.1.$2 1 .0)5, 10 .3

1 + 5.871 10 i + 1.86 1- 10

Uld fcoji) quations 87 and 88

R~t1 (t) : (sttW'.l 3 KTl) 2 - IB.ft) ft 09oa .

1/3 2

k (t) = (S(t) I /  (1IT) I I ki) kl Oh9

Reference 13 gives the time constant t c as

206 - 0.146 - 1/ l/t) 1

235W (KT)

S00 iT ) IBft . 235h'I ! (KI

(07a
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Figure 14. Average dust density in the final
dust pedestal.

What is the size distribution of the particles in the dust ped(stil

l e are as-huming that thc particles came primarilyv from the to] ) to

11mi Of thle Soil Su~rface , so the particles are small. We wIll assume thalt

the pedestal particles have the same size dist ribhution as thle firebhall

dust particles, but that the maximum size particle in the pedestal is

1 iiuni (0. 1 cm) . For evaluation purposes the fireball dust siedi str i hu-

tion is divided into eight size groups spanning particle diameters from

0.001 to 10 centimeters. We take thle same small-size limit of, 1).o1

Cent imeters. [or evaIu a t ins, we d iv id e t he ped es talIdus t s,;i ze,; int o

tile four size groups given in Table 10. Since we are assuming thle same

sie di st ribut ion for the pedestalI dust as for the fi reba 11 dustw a

use thle f ireball dust at tenuat ion and backscatt er formulIas for thc(

pedestal dust propagation.
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Table 10. Pedestal dust sizes.

GopMi nimum Di ameter Maximum Di ameter
WOUIJ of Particle in Group (cm) of Particle in Group (cmi)

1 0.001 0.004

2 0.004 0.01

3 0.01 0.04

4 0.04 0.1

As inl thle fi reballI case, we assumec that each size group is uni formly

d Ste ibht d withlin its ownI (annul ar) cylin dri cal vo-CluIme ..- l cvi inders-

Will he aSSumNCdI to ha-Cc thle Samle radial dimensions at all t imes , inner

radius ki (t) anld outer rad jus ( t). All cylinders will initial ly have

thle samIIe alt itude, 11 ; after a sli tahie dCILaV in~terval thle hei'Iht Of
P'max

each cvliiider will he allowed to fall with its characteristic veloc itv.

We do not have any) data for the appropriate delay time before thle duist

particles heoin to settle. W e arbitrarji v take the delay time to be

times the c-folding, time of R, (t) inl Equat ion S6,

Cp pr C

[hie al t ituLdeC history of eac h group cylIi nder is

il) Il~aNt < t t

(lp t - tt -It

where v is the characteristic fall velocity of size group i

[h le terminaI %e loci ty equat ion of a spherical pnrticle falling under

gravity inl still air is
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wh le re

V -terminal fall velocity

ambient air density

=particle density'

Li = diameter of spherical particle

g = acceleration of gravity-

For a spherical dust particle we cail use (Reference 11)

CL = 24k+ 0.44 ,(1023

C

R =- (103)
e !a

-Id P is the air visenqi y. Thus the velocity equation becomes

P 18

which has thle Solution

V (27 'ja) 3gp d 2 1  a (105)

a a a

TVhis terminal velocity equation is more familiar in the limits of large

and small dust particles. For small dust particles (d 0.01 cm)

C 24 and

V g (106a)

which is Stokes law. For large dust prils(d 0. 1 cmI)

1~P gd

3a C1D
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which is thle dynamic drag equat ion. We assume thle folljowling numerical

Values:

O =1.22S5> 10- g Cm- 3 sea-level air)

P= 2.6 g cm-

g =980. 6 cml s

I= 1.81 x 10- poise

luth these values the terminal vclocitY equation becomes

F( _)942 3.9894 -1

~d + 6.2438 -li1 d - d IMS1)

where Ld is in cm. We assume that each size group falls with the terminal

velocity characteristic of the smallest particle in the group. The dIust

particles are not spherical nor are they- falling in calm air. IHei~

expect the effective fall velocity to be less than our silp Ic Ca ICIlt ionl.

Taking the smallest particle inl thle group assures a s lower rate. 'I aC 1I

11 gives thle fall Velocities for echCI SiZe groupJ.

Table 11. Fall velocities for pedestal dust size groups.

Gop Di~tieter of Smallest Fall Velocity
Gop Particle in Group (cm) CMS- km s-1 ft -1

10.001 0.782 7.82- 6 2.57-2

2 0.004 12.4 1.24- 0.408

3 0.01 71.8 7.18- 2.36

4 0.04 14110 4.lo- 13.4

We next devel101 a syst ems mo1del for the diust in the nor lealr 'stem" re-

g i on. -11w stem region is more complicated to iiiode 1 thanl tilie pedestall re,-

i on1. [or very- low-altitude bursts, the fireball1 itse]lf intersectS; thle

lroui LII anld duISt i S dirFct IN' injiected inito thle f ircbal I1. '11wC fii l I *ind

stumr are connec ted and rise t oget her; add it ional1 dust is5 in icted I ut 0 thli
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tirebal via the stem. As tile burst al1 t i tude is increased the fi r -

hal does n1Ot ichICit tihe trOnllld SUIICC. A du.t st I formed Jjld

rises to intersect the rising fircball; dust is inje.tcd ifto the fir.-

ha II oily via tl' stell. At still higher burst altitudes, the St m te.

n1ot rCaclh the risilg fireball; the firebal I re'giol i dusIt free. I vcn-

tua i a high nou ih burst altitude is reached S() th;it no stecm is trid.

e take th, comet re ot the stm reg ioil to he I cvi ndr iu >It't I tire

12. We lU bC ill i, mode'Ii lg the st( Adll I Zi us t ill(' hi ;t 0I . I i i " ye -I 7 ) fro

Refece 1-I shous the scaled Stem rldiu , ls a lt1ICt ion of l led t i tie

for a utitllller1' of ic 1%- I oI% -a It it tde' bur1sts. t hec da;t a1 r( t aI 1e i ' t1 t.

photograph ic data of the test eetlls. t e I di 1t)t till H 1f1 it I t t o

the best -est iItite C I I'e C o on I 0,11rk 15

I h 1 t l .12 1% 1  (K' t 22 1% 1hli t).( t3 t
t  it f

ks~t : l,.l..,l a' 5 ~ t) k[ t- .25 1 (k'[ . t . .. _f, I t) *

t 4S I K'I " i i F1, t.(0 t)/

S NK'1t S.5S 1  KT7 t 7 7I71 'W

t"I K I 77K 1  K I

(NIT)S
I 1o . t . < .1 .2 1 / 3.T/

7 N5IT 7i - 0.- 137/

..t) 3 .t (NT) 2 IN; 2 25 I{ T)

S "{'I' t

0. 1310 t0 .(00 70  ,1/ t .....01/

03) 0 (NilT) - (NiT)

1/3 /

.04l2W t 7-
I)l (10Sh)

'There is no di scernible variation of k s(t) with helight of burst for the

limited altitude range of Figure 15. We assume therefore that there is
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no functional dependeiice upo hei ght of' burst for the Vi. oIc latron,

altitude range for wihich a stem is floried. Wt restrict R At ) to he the
S

lii Of i f that giVeii ill iqLUatin 1O and the shock front radius of

.quiat i on 0o. Note that for a burst altitude less than 05. feet

O._ /i ) K i lo met ers), the stem radius eventually expands enough to en-

gul f the Ct I ie dust pedestal.

lefine a scaled height of burst of

s B . ..1 )1
RI:.

whe re

k fireball )res sure e(ui 1 ibrium radius (the rad ins of the

fireball when the fireball internal pressure falls to the

ambient atmospheric pressure).

[lkell from observations of nuclear test events, the following general state-

ments can be made about the rise behavior of the stem (Referencel,1). Ior

scaled heights between about 2.5 to 3, there is no mixing of the fi reha 11

lroper and tile surface dust layer. The stem does not begin rising unt il

20 to 30 seconds after detonation, giving the larger particles init ially

lofted ample time to fall back. The rising dust column (the stem) does

not reach the rising fireball until a few minutes after burst. [or scaled

burst heights greater than about 3, the column of rising dust does not

reach the rising fireball cloud before the cloud stabilizes (at about

7 minutes).

Based on a very limited set of test data, we adopt the following some-

what arbitrary model for the time history of the stem altitude, let

Hib(t) = altitude of the top of the stem (ft and kin)

tBOT(t) = altitude of the bottom of the fireball (ft and kin)

tFBS = time at which the fireball stabilizes (s)

t s = time at which the rising stem intersects the fireball

bottom (s)

t ) = delay time before the stem starts to rise (s).
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Ihe ,tem alt itude w ill always be limi ted by the i rebal I bottom altitude;

Ii. j • I it I dtt) alI times

t c assumc tilLre is no stem formation until the downwa rd- travel ing shock

iite tI rom the burst intersects the ground surface. K'e then let the alti-

tHUC rise ith the same velocity as the outrunning shock until the stem

. t it Itic s rcach e eit her the dust -pedestal maximum a It it tude or the f i reba 11

'ut t 01, depend Ig upon the burst altitude. [or bursts with hSo K 2, take

U. t tSl

jt= \ ) , (t) 1 B ( t 11 1o
( I LI BoT(t

1 101 (tR 5 1 t) M tHOT t

lahL-rt s eLwn by Iqation (U k by [quation 96 , and I t  is
SH BOT

1 1n b\ the t i reba 11) henomenology mode 1 . rhus for very low bursts,

Ie. :(t the stem rise until it intersects the fireball; it remains at the

fit rhail hotto; fron then on.

1or bursts Aith hSB > 2, we take

t K t

11~~~~ ~ ~ SS 0 i MRS NI

II t, m \ t _ t D

,Isbere lIx is the maximum altitude reached by the dust pedestal and is

J% i e bY 1 quat ion S5. For bursts above a scaled height of 2, we let

the stem rise to the pedestal altitude and then hold it at that attitude

tor the deliy time t Take tie delay t inie to be

o SB-

t 3 = 0 (hsB- 2 ) 2hsH K (112)

50( hs" 3
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h~e s imptly t.t tile delay t ime increase f rum I)to 3(1 seconds as the(

sC aI CLI lIi Ji it of burst increases froml 2 to3

A ftecr thle del: , time is over, thle stemi ri ses aga il. teaue thAt

thle StemIs for bursts With sealed heights bet weenl 2 and 3i risc aInd inter-

secct thle tIi rebal I bottom. W~e take the time of interse(.ct ioni as

t = t I. Bs11' - h SI, _ 3

orI ) brst s i t h scaled altitudeIs betweenJ 3 anld 6, We aissume thle SIT, does

hI t raCIC Ii t IhIe t' rI cel 11 , b~it stab Ii e at a wr It I ittude g i vel by

II - 3 11
B0 It Bs5 Sv 611

1o 01 burI St S w, i ti h 6 we% assLII CO~ nostem fo rms As a compa ri-son , the

MaJx I il Iuu s calIed bullrst lie ghit fo r whlli ch a dullSt p)edes talI i s fo rnied i s

Ix I .t . 'Ihle h I I I f i reba I1I dust mo10 c21 i aSS IOS thalIt do sl;t I S 1o It Cd i1 t to

ti hL' trebaCl I I f Or burs-'ts 1V i t 1h 1 . Our steml model is consisten-t l, itO
th iICorren'1(211t f'irbl moh II1 delI. 'Iable 12 gives thle p)resent m1olI dost ruci (11s

Is A tLooct i0on of scaled burst hieighft .

or 01 2, definle thle average rise velocity V of the stem as; i t
Si I; S

r seCs f'romil thle peesa al1titude to ci ther the i ntersect in with thle

fi' re IaIl 1 io t t oml 2  il S1)'3) or- to its maximum alt itudce3 h~ SB

1B T(tl ) - 1I1l\l\\

t is-tp S-13-

11 X I I I)

- ''1~\\5 < ht K

t -t -SB R

OCchoose the s imjilest t i me rise hlistory , lianll ai constanit eel ocit cris



Table 12. Dust regions.

SCJad PUi St Hleight (h SB) [Dust kegiot,

0 - 2.6 Stew, fireball, pedestal

2.6 - 3 Stem, fireball

3 - 6 Stem
> 6 No dust regions

1SB 3

(t tl~~ t tf 5

kce hdve exprcese,;d the rise model is, a functm ion 1saIetei 5 to

bilt. st ci' uiar isuns hith thle unISCa led no 1its, We Ctdii use thle coneersI ioils

1) 2 ot . -, k h K11S Sd

BK S

Net We mod(elI thIe dusI't dIetIiit i es in thle Stem rcoiol. te eons ;ider

utile that duLst whi eli is lofted by the air vc Ici te flow% fields.- We

curethe, C rater, ke c t a and fal1 bac k. I-or se:1 e uy st he i yt si box Ne\

Ihoilt i L, lie cIrdt ci' beconiiS aI COn)c t ion craJter ith iiVCr I litt 1 C

e' Cc td1 ,so t le bIft cd du1s;t iS enit irelIy e omposed o f maiterizil 'popeorncd-

01' IeCMIIrd ott tile grounid surface. For bursts Ilow etiotiJi to form Z111
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C t a FIat er, tn lit' I' i reh i I jIt tthe grotCl; tle St L'lS , t't (l-

CtL t IOLI I J I C 01H I C t V k s cl Iirc' d hI t i r i 1 1l it sL.,I . (ll) itt ti

tIL t I lh). I i Ila I-; ell 2 l, fi C eiL11t IV Mid efli'ort' the e c oct LI 1' Li L ck

i ti h.2 t L k I Ls tcm cc t I I I ill ii Cllit I Ilc f i I'C I Ki 1 dOW Ill 10Odt' I ACL L O ilt

t,, I cIC L, t i' r v Ic t 1 I ii cI s. IS t II I tied ilt o t h . 1, si I>I f ci r li II

ls I itt It C stClils Si ilCi l Hc nCe Vy iiLgOI 111 tIle St I'I eC tl.

if Kte lce v -1 tile cor Iv-I ilw I o ft ed s tem d 11 dens it i cS i ILK I

.t l tcd ) collii i , W.NIIM L ICt pl, c i c t i o i s , t II tIlte Il I S; 1t I -

'. ; l IC , a it I t h st elil t I file i t r, I hCs at os si iii e ra CiC 1K 151 1i tC,

Ii tiCe cllIVuIlit ion of the it Stein d .it i CS. \ 5e . " l l O t tL d C , tC Ili.t I t

In, LI IC>. t C\)pe' i imen11tiI1 IIILIS It IIIIcIIt -S 0 " t IC d15St dIl itv i I. l IlI, " - t S

i th ,i I :Cit to compaz rI e t lie cl I CLIILitCl d Vst ilat cs.

I rcs 10 t hirou,,h 6t fro P-),h I c'cicc I s hoI the c St i mat CI U t II

I , 1 raim,.e o t hurist i l 1dS and ti t I th lte So I I I i JICS n11 I,,

tI I' iI'C tII c e t eStIllItCs otf the dcnSities. I herC is no d L I it K

t inli I L deejII CII' C )f LI lISt deilS itI Cs LIJoLn heig 1t of h)11r st cVid It ' o!

tlte C,:1cultiIons.; therefore we Isslll c 111 5o hei tt of burst d'l~itnl IlK

adop ti betetmt u~ S our primr I ~ : anddc'"lth
I O i e L St i S t i iit CCrLI I'tS J S 0111' I i I t L I il deQ v I t tI(l

o II o~u,, mt i IleC ctl. k a1 :1 o hIS& lVnli I I hYl ou c fflt Li 1, 1>. o

hc t

.T.) . I k ( I M I

I -7 -3
,'.9 x .\ I LII 2 5% > Nil = 5(W )l) KI

N fti .11t II.? 1

k I (ft 2 21 o) I N/ ' l
KIi

I 12( 01)

IS I I CII i c teis St itc dtcIIs i t\ wlell tlte ste1 radils i I lTe c II'Ve fit

t hit S t ei den s it y is
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it I AXL2.5 x 1 - C~ . 1{ 1

IIIe t'i est teiin11 aCcoulnt; s oe the e-,aly t ime rapid fual loft %Ilile the. sec ond

ter C ailJCC ounts toe- thIIe lateC t ine)c hhvi or . I he I lt e tine;1 funIIe:t i on 1) de(-

penIdete I equ iv en C IIt to Lswn n ;I I thIIa It the C to()t a Ju IISt cuss I je )Cr unI)i t I engt 1

o I* t he St enl re ;ia Ins Cons t allt uS t he st el' ru d ills exU n s\ 1 ; 11 i C, , t hi s i s, a

O1IS t 1i S C 0 11 -, L I' t I o 0 Ai~ 011 a )Il n.

(Lode Cu ICUlat iOnIS iitdi Cute thaut tile ai I- I'l Ok, fi eL I LS ill thle Stem

ie,-ioI1 are Strong~ enough to loft so i I part i c eCS of' about I Cent imeter

or SO ill diaulter , if these part i CIUe are in li l :1 1 k t'teJ intao thL, ti Ol

'fLelIds from t he- soil S urftace (Re lereflkee ;% Cl\e t era the par i c I

S . e groups chois en for the pledes ta u indel up to 1 cent iizet er indiuee

tor the stem size iyrops ; 1 buhl 13 shows the stemn size gop

Table 13. Stewi dust size groups.

Gru ini iluill Di ameter of Max imumi Di ameter cf

GrupParticle in Group (cm) Particle in Group (cm)

10.001 0.004

2 0.004 0.01

3 0.01 0.04

4 0.04 0.1

5 0.1 0.4

6 0.4 1.0

In RuheteeiCe 1)the tra-jectories of dust ixit icins up to I centi-

je t e r d I unet c r- a re s t tid i ed 1b) mea ns o I tihe si I t m ode . he1L ci IlC iiatked

raj ector ies depend ill a Complex 1nanile1r uponl yc eI, Ili i gut Of )ur-st and

ilit ii assuuiid particle inject ion xel'ocitc. Ille e ~lclu~t iolls Coilsied



t I ue1S Oult to0 (f)0 ;C lL I~' (Id Ilr'St I11(1 ,hlt S li1) ei 0 1/3 ccII1I i t

(Kl .) eet . Ihe'Se. tlieOret ical dat a ref' not .ofll etc enloughI to 1l loi% dii

analyt ic model of S;teii particle mot ion to heu developed; iijoieo\er k~c do

nlot kiow the proper i niect ionl Nvelmcitv to lse . henlce , %%e will develop

a veCrY !sinipi f ied St em part ic I mot ion model for tie nnlt i ir COMJ21 ete:

theo ret icalI dats alre availahi e.

lhe he3 in I)\ CalcoL1atili' tht. maNX1iinuvi1 alltitudeC, (lyI I thait ealch S

gopCan he cairried . Ne- tae the chiaracterist ic ai r veloc ItV to he

that of the average stem velocity ,1 0± t uaIt i onl 153. lC thenl SuISti I

tute k into0 tihe tvmna eloc ity I quation il and so I nefor ,.I i <

is- the des Jt flow field of Veloc lte V mos_1 t haveC inl orderI to just

ott S Ct t he gra\,ity forc ICCOf al pa'lrt Ic C I o f _!iam1ete.- d

ID dx4i
I

4e aIssume thalt the steml flow\ field caifr iCU Jd a particleC Of diamel(te_ (I

Upwa rd to 111 a1 t i t Ude (IM ) i where the amP icent Liens it is

flow field can loft olY those particles for i ich

where, is the croiiid level air deiis itv. lol thet- charalcteristic art ic Ic

oLIamete ur di Of' ljii iti on 122, tae the maKXi1Mun L d1icte.r of the part c les inl

g i'oip

filie a Itlit ode of t echl s-iZe groop1 Cv' lnde r is, i denlt icaI to tilie St en

alit iode, ii It) , lin1t i the altitude (h~l i Srea che1d . 'TheI groupICV cv 1 dr

al t itude stop)s, then1 fl Is ;AS t lec stem fl ow tie Ids weakenl. INe lizl in LIS,'

the mniui o d ameter of t lieg ioioi s;i.ze to clculate the f;Ill I veloc i t\

iZlajn to crudely compensate for the fact that the air is certainlly not

kce .h usec the terminal velcitv Cquat onl to calcucilate two fallI

Veloc it ies k \ and \ OiI here V 1)i s t he N.el Ioc i tvy a t l t it 1dei (I I S
inici \ i s t lie e 10c i i at ground l evel .For smal paimrt i cI es thles e



Ve I oc it ies Wi I he about tIe sale and Y can use the ave rage s5 i , ,on. tant

tall rate. 1or larger particles the fall rate will be larger at the high

altitude and ill d i mini sh as the )art i c I e e1count e rs denser air at the

lower a It it udes . AssunIe that the veloc ity is a simple I inear functi on of

alt itude. ' hen

li\v1h3 = +° I~M{h+- - V ).12

Ldlt
viii) - - -t 121

Solving the ftirst-order differential equation for Hi, we have

i t - v 1.
o (I . tfs

h(t it.SM - V 1 - c t : t f s 1

where tfs is the timc the fall begins. For sma ll particles

V h and we take

1((t) = II - Vo t - tfs) t - t 2

Hence the timi history of the altitude of' each group cIi idor id

s (t ) t - (t fs) i

!i(t) (Cqs 12. 7-  and 126 t > (tfs) i

and (t fs)i is the time at which Is (t fs = S) i
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.11.

APPENDIX A

MIE COMPUTER ROUTINES

In this appendix we give computei listings for two versions of the

improved Mie routine. The first version, MISCAT, calculates the Mie

efficiencies for extinction, scatter, and backscatter. The second

version, Nil!, calculates the lie efficiencies for extinction and

scatter and the unnormalized scattering pattern. From either version,

the Mie efficiency for absorption can be found from

QABS = QEXT - QSCA (A-I)

The unnormalized scattering pattern calculated in Nill- is

S ( S(6) (A-2)

where S(b) is the scattering pattern given by Equation 5 in Section 2.

For the MIL version, the backscatter efficiency, if desired, can be

calculated from

4S(A (3)

QBKS - 2(A-3)

where a is the dimensionless size parameter defined in Section 2.

The complex function routine ANF evaluates the complex function

:\(Y) (Equation 19 of Section 2) and is used by both the MIE and MISCAT

routines. Computer listings for ANF are also included here.
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SU OUTINE MISCAT( XN, PR, DI, QBS9 OEXT, OSCA

C
C THIS IS A MODIFIED WOE 0OUTINE - MODEL EQUATIONS DOCUMENTED IN

C RFOORT GE77TMP-22
C
C THIS ROUTINE USES MIE THEORY TO CALCULATE THE EFFICIENCIES FOR

C SCATTER(TOTAL), BACKSCATTER AND EXTINCTION FOR A SINGLE UNIFORM

C SP'iER ICAL PAPTICLE
C
C I NPUTS
C XN = NORMALIZED SIZE PARAMETER, WHICH EQUALS TWO PI TIMES

C TI!F PADIUS OF THE SPHERF DIVIDED BY THE WAVELENGTH OF THE

C INCIDENT RArIATION
C DR = REAL PART OF T14E COMPLEX INDEX OF REFRACTION OF THE

C SPHERE
C DI = IMAGINARY PART OF THE COMPLEX INDEX OF REFRACTION OF THE

C SPHERE
C NOTF THAT THF COf)PLFX IP')FX OF REFRACTION IS ASSUMED TO PE

C N = DR - I *,I

C OUTPUTS
C (SCA = SCATTER(TOTAL) EFFICIENCY, WHICH EQUALS THE (TOTAL)

C SCATTEPING CROSS SECTION DIVIDED BY THE CROSS SECTIONAL

C AREA OF THE SPHERE( SIGMA/(PI*RADIUS**2)
C nRS = BACKSCATTER EFFICIENCY, WHICH EQUALS THE SCATTERING CROSS

C SECTION( IN THE BACKwARDS DIRECTION) DIVIDED BY THE CROSS

C SECTIONAL AREA OF THE SPHERE( SIGMA/(PI*RADIUS**2)

C OFXT = EXTINCTION EFFICIENCY, WHICH EQUALS THE TOTAL (SCATTERING

C + ABSORPTIOJ ) CROSS SECTION OF THE SPHERE DIVIDED BY THE

C CROSS SECTIO14AL AREA OF THE SPHERE
C
C

DIMENSION ANR(200)
COM4DLFX D,Z,F.tl ,EM2,ENANFANRANZ.At4,BNOBSC
D = CMPLX( DR* -DI )
X=Ai'IIlPI( 100., XN
Z = X* D
EMI = CMPLX( SIN( X ), COS( X

EM2= CMPLX( COS( X ), -SIH( X
08SC = ( 00, 0
OEXT = 0.
OSCA=0,O
fIX = 1.5 * X
NX='IAXO( 2, NX
ANR(N'X) = ANF( fIX Z
NXMI = NX - I

DO 10 1 = 1' NXMI
N 1NX + 1 - I

CN FLUAT( N
AR(N- )= / Z - (l,,.O ) / C CN / Z + ANR(N)

10 CONTINUE
X2 X ** 2
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!00 10 N It 200
nE -ONE

FN N
Cl 2. * FN -1

F1 Cl * EMI / X -12

I F CN LE. NX )ANCZ =ANR(N)
IF CN *GT. NX )ANZ =ANF( N, Z

CENtJX = N / x
Cl a REAL( tN
C P a RFAL( EFAI)
ANJ z 9 ANZ / C) + CFNIJI ) * Cl - C2
I (CANZ / D) + CFNOX ) * FN - Emi

MN z D C * ANZ + CFNCIX ) * ci - C2 I
D * ANZ + CFNUX ) * EN - FM41

XFACT x 2. * FN + 1

XFACH a (iNF FN t0,5 )
OEXT smUF.XT + XFACT *REAL( AN + AN)

OSCAmrjSCA*XF ACT* (CAHS(AN)**2,CA8S(HN) **,?)
3bC= UtjSC + XFACR A AN - BN

EM? a F"I

-~~F IltI*Efi. I *OR. FN .LT. 1.2 * X GO Ct 0 20
IF (AFIS( t. - AMAXI( WEATo OFXTST )/AiINI( 4QEXT# OEXTST)

20 OEXTST x UiEXT
30 CONTINUE
40 DEXT z 2. * QFX7 X2I

OSCA2.0*IJSCA/X2
OAS z 4. ( CARS( 08ISC ) *2 X2 I
RE TURN
FNO
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c THIS I- A i-W WfWIITNF - "I IO) L F ju)AT I Wj A i.!t iX) ,F NTf i;~~-'-
c GDF 77T*,,P-_'

C THI s wriuT1N I rE SS 'AI F I tk V Ti C ALCuJI.A Tk Tmt pF- ir T ' cps p*
c SC A7T F Q1 N)6 A"'O AfRSl jPT (IN~ AhJ T OiF ;( AT TE W1 %1, A T rf 1 - 1- A T .

C IJNTFfl - QPHF;'I(>AL PAPTTI-L

C = P.lWAL T7~Fn sizE PARA14 TFW., -IC Fi)L S 1,t'f i-T TI
C THF. kbf,1Jlj (iF THF_ SPwP te C-IVTrFO 1) y 7 141il , t, vF F T 1 -,IL

c T' rT )E NT PAD I A T I".1
c (Ik Z F4AL PART (F THF C~im;)PLEE I f1)Fi sF N F 'k.ar r-

C, I ."1Ar I N A QY 1- ART (16: T Hg Ci.*mglt F A I A''F X I F k e.F ~A Lr I .I ~ IF

r VJ Tr~ H' T Hr C -IPL E x 1 J)Fy ;IF P EF ACT TIij I S £sSS'"F 1: 1
r N -N I *Iil

-J r

c Q SCA = SC AT T F P If FFICIfoCy, .1 TC H F L, ILAS I t4 ;,r.A T T .I r.'S
,; $r TJ 1,i'mF THF JI LITj r. Wf T HF C ';1 ,-'' SF rT

c 1+ TH'F SbWHEPt ( S1"
r r' X T Z .XTTNCTTLUN F1IC I F NC Y, ~~I C P F -IIAI. 'I T - T I, T AL C SCTT~
r * &kS,(wPT ri ) CqtuSS q~rT TI.I, IF HF SP F Jv I Fl.
C C 14, S S 5 LT I I INA I A PF A (IF HF SP04 w ~F

C = SC arT F 6- T, P A T T Ek. (IF T H- ,A InT LT I C SfT F,. 'Y I'
0, F ' eF F , U I''N C I rlr 1 EN I I P4 "I L A 1 i- A 1.,7 A r . SUIL

c lC AT T FI PN r F I J 14 T I (I l F, I - T t S C aT T F r A .f1 L~ k 'S C.. '"

r IS I.*(-1), 5 T.S 1I~-Ni)PfAL JZjj T,4A I j c, I~ 1"i H"A
C ' S rivEP ( 1 8I ST f 4A r)T A 1; j t) a . S ; 1*.- S CA*

flI~NIL ~~''l2l),S1 (?1I, p Z;)e1 )p PP I (?I) Pe(?l
1 PrTI (e,?I PrT?(I. PT(?t ), PP(?I)

Cv;--PLI- CA, Cl , C, , CFNfl) , C KF tc C
UATA EX-LI / 1,-*.,, -. % .h -. Sp _ J, -. 3 -. 2 -. If

C 9F T V~iLA.S -IF CIIMPL_ X T.*,)Fx IF KFF' ArTI~I'I, IJF PACPA"FTFP, A!
c M IE V A 1A4L F

0j xxr -PL x I~ ~
CA x

7 C

C
C SF T T T IAL V ALi iF j CF Q I CC A T iE S -FL F'.r T T IN

Cmpif 1 1( SIN~ ul c, ItIS I
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t. = wP f D x (  CriSf X ), -SIN( X' )

( o mTdI k~l F F Ir 1 FNr Y VA P IA 14 F9 An Sr T T P I I, AfTTH P v A'- . L F
1), ! : S, 1

S?(I1 : (e*

PTI(T 1 ).
PP ( T ) -":

PTFT) u.

SET 11P 6 OAY IjF AF V I IJF. - iis " I.F uTZ t,'A(" '.A- r r.5 "

NY,, .1 x 0,, 1; T x

N* x

r) i i n  T , "x'A .it, , Q, C N ( N'X N0

10AF V 5  I )P : € I - I

/O f".io ? T v,,,)

F r' T : l * F I / rx - F"

c
C
r CAL7''L ATtE T-FF F F 1CIFYCTFS 4-r 9r AT~hT 7 ~' F I A T IFTF I F

C 11TF fTTf " N Fo " P P XPAtj I € L , AI S
r I N. =. I ,

C1 2 . * F -

F C I *F' / r~ -

IF L *t NJ' A ~
j*rr NE z AN '

C F k IE x FN A

C? 'AL( FM I )

A ANZ i rFrrI fi r C~
A1 ( ( ) I .* € Fr r)% ) N 0. - F"1 ,

I
T M  ',j : ( ( iI*f~* A ) +r" C -r. 1 x /

.1 C ( * , (.1't, ) * '. - F,,
C Fa(T : f u a Ft .. ?. ) / * r

rorA z j '(,A * FP AT T C~S A R S ~ .A A-f L 1 a
')F YT Z 'JFA T + VFACT E 6 L( A 14 4 M'J

F~h

F ( .FT. > r Tr 7

PPI : 7

. - ,
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PTTL) "x'9u(1)
C,'I Tfl

7 PP(fl -"3. * X~tJ(1)
PT(l) =. * XMU(I) ** - 3.
Gil Tf

E PP(] - ( ( @. • FN - , ) * W"I(II * PPI(I) - F(I * Pp(J) ) /

S ( N - 1. N

P (T) = U(I) ( PP(J) - PPfT) ) - . * F', - l. j •

1 ( 1. - XMLO(I) ** ) * PPlI( ) + PTrI)

8 CXFACT = ( 2. * FN + 1, ) / ( FN **2 + FN )
CI z PPI)
C2 = PT(I)
S!(I) z S1(I) + CXFACT * ( AN * Ct + EIN * C2 )
82(l) S-() + CXFACT * N * C1 + AN * C2 )
PP2(T) z PP1(I)
PT?(1) = PT(I)
PPI() PP(M)
PTI() z PT(T)

4 CnNTTNIiE
IF( N ,EQ. I ,OR, FN .LT. 1.2 * x ) G(T) T ?

C
C CHECK IF THE INIFINITE SERIES HAS CrNVERGED

IF ( ARS( I. - AMAXI( QEXT, QFTSI ) / AMINI( PFmT, QFXTST 3 )
t .LE. S.F-3 ) GU TO 3

C
C COjNVFRGENCE HAS NOT BEEN REACHFD, COMPUTE NEXT TERM IN SERIES

2 USCAST = WSCA
QEXTST = tEXT

I CONTINUE

C SERIES HAS CONVERGED, COMPUTE THE UNPOLARIZED SCATTEkING PATTERN
3 DO 9 1 = 1 21

S(1) a0. * ( CABS( Sl(I) ) **2 + CABS( S2(I) ) *2
9 C(ONTINUF

RETURN
END
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COMPLEX FUNCTION ANF( INDEX, Z
C
C THIS IS A WOE ROUTINE - DOCUMENTED IN REPORT GE77TMP-22
C THIS ROIJTINF IS CALLED fAY MISCAT
C
C THIS FUNCTION EVALUATES THE COMPLEX QUANTITY A(N,Z) WHICH IS USED
C It! THE NIE FORMULAS, WHFRE
C A(N.) = -N/Z + J(N-1/2,Z)/J(N+1/2,Z)

C 7 = M*ALPHA
C fl = P(PEAL)-I*'A(IMAGINARY) = COMPLEX INDEX OF REFRACTION
C AL.PH = 2*PI*R/WAVELENGIH = NORMALIZED SIZE PARAMETER
C R = RADIUS OF SOHEPE
C rl = OPDEP OF THE FUNCTION
C J = BESSEL FUNCTION OF COMPLFX APGUMEN'T AND HALF-INTEGER

C ORDEP
C
C THE METHOD OF EVALUATION USES THE CONTINUED FRACTION ALGORITHM OF
C WILLIAM J LENTZ - GENERATING RESSEL FUNCTIONS IN MIE SCATTERING
C CALCULATIONS USING CONTINUED FRACTIONS
C APPLIFD OPTICS, VnL. 15, NO. 3, MARCH 1976
C
C
C INPUTS
C INFnEX = OPDEP OF A(NvZ), THAT IS, INDEX N
C Z = COMPLEX ARGU'IENT
C
C OUTPUT
C ANF A(NZ)

C
C

COMr)LFX Z, A, D, T, PN, PD, Tl, T2 , E

C DEFINF ARITHMETIC STATEMENT
C( X ) 2. * 5* FN - 0.5 + XI

C
C SET VALUE OF FIRST PARTIAL FRACTION TERM FOR NUMERATOR (PN)

FN = INDEX
S = -1.

CP 2. * FN + 1.
PN=CP/Z

C
C SET VALUE OF FIRST PARTIAL CONVERGENT FOR NUMERATOR (N)

N=PI
C
C CALCULATE SECOND PARTIAL FRACTION AID CONVERGENT FOR NUMERATOR

CP = -2. * FN - 3.
T=CP/Z
PN=T, (1 * ,O.) /PN
N-'N*PN

C
C SET VALUE OF FIRST PARTIAL FRACTION (PD) AND CONVERGENT (D) FOR
C DENOMINATOR
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-.

PD-T

C
C
C CALCULATE THE HIGkER ORDFRS OF THE PARTIAL FRACTIONS AND
C CONVEPGENTS

XI=2.
DO 30 J I 1 100
XI=XT+I.
S = -S
T = C( X ) I Z
PN=T+ ( ,0.)/PN

PD=T+ (C. ,0. )/PD
C
C
C IN THE RARE INSTANCE THAT THE NUMERATOR PARTIAL FRACTION TERM IS
C NFAR ZERO, USE THE LENTZ ALGORITHM I-APROVEMENT METHCD TO INSURE
C ACCURACY

IF ( CABS( PN ) .GTo 1.F-4 ) GO TO 20
S -S
XI XI + 1.
Ti C( X ) / Z
E TI * PN + (1.,0.)
N '. * E
S -5
XI XI + 1.
72 C( X ) / Z
PN : T2 + PN / E

C
C IF THE DENOMINATOR PARTIAL FRACTION TERM IS NEAR ZERO, USE THE
C ALGr3RITHM IMPROVFV'ENT METHOD

IF C CABS( PD ) ,GTo 1.F-4 ) GO TO 10
E Ti * PD + (iO.)
D D*E
PD T2 + PD / E
GO TO 20

C
10 D = D * PD

PD=Tl+(.,90.)/PE)

D = 0 * PD
PD=T2+.(.,O.)/PD

C
C

20 N = "t * PN
, = ", * PD

C
C CHECK IF CONVERGEFCF HAS REEN REACHED

IF ( ARS( CABS( PN ) / CABS( PD - * ) ,LE. lE-6 ) GO TO 40
30 CONTINUE

C
C
C CONVEPGENCE HAS PEEN REACHED, SET VALUE OF ANF

40 ANF = -FN / Z + N / 0
C

RETUPN

END
j102
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APPENDIX B

IMPLEMENTATION OF THE GENERALIZED POWER LAW SIZE DISTRIBUTION

The power law size distribution for nuclear produced dust particles

is given by Lquation 26, where p is the power law exponent. In the

present WEPII model, p is taken as 4.0, a value representative of dust

particles generated from loose unconsolidated soils. The present fixed

p model is easily generalized to an arbitrary p. We first present those

model equations which are changed due to an arbitrary exponent; then we

give a computer listing of the revised computer routine PGROUP. PGROUP

calculates the extinction and backscatter cross sections per particle

for a given size interval of dust particles.

The generalized model equations are:

Number distribution

f(a) = K a- ) (B-1)

Total number of particlesK
N = 1  - a 1 1 (B-2)

Fraction of particles in size group i

a Pi -1 a I- p

F =p a s 1 1 (B-3)Ni N PT - 1-p -a-P

Total mass

I1  [a 4 -[ ) a 4 - p ]  1) 4

TrPbKS - I Pj s (B-4)

T 6 a
Zn n- 114as
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Normjalization constant

5.44 x 10121 a4-1 4-p

KW as (B-5)Ks = Pb P= 4

a

a
s

Backscatter cross section

10 - 4 
, (p-1) 

(
bi 4(a. -1 - a.-1 )  G bj (B-6)

i i+1 j=1

exp (xb9+3-p),n -.: 1
I Xbj a j-3

a 3(xb.+bja- j (bj +3-)

bj = Kb(a) (B-7 )

Xb. a. bj = p- 3

a. a

J

Lxtinction cross section

-4J
- 1 -Tf(p-1) J(-8)

(a ai) j=l

exp [(x+3-P) n a-+1
-3x 

.x p-3
aj (xej +3-p) ej

K ( j (B-9)

Y__ _ n aJ+l
n a .x = ' -3

a. e 3  03

I tcr istitng of subroutine PGROUtP follows.
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T ~k~jI k- Pt1.WfuP( JGkf itIP, FqF 1,, 0)1 LC,?, 1) 1tLCI,

C PAN. wflIj1 I NF P I ~TFn FOIP ISF T,, wFP

C ri IS iN''IT I NF r()mPI.TF q THEA P AG F ti A C.SCA ITF N A Irl F x I d(T j

C C Hf3S R~EC T IN, 'S Ff)q A SPEC IF IF ('1)IST PAPI ILLF (L.

C TIPUTS F~o CAL [ STATE"l-IT
C F kF (" =FPt roFENCY, PH7
C J(,k1"IP = rJLImH-F R flF- MIST PAP I IH ;PC
r 4)I = NiEAI PANT klF CUWPLF lI- IF F -FFPAC1 1L '

C 1)C 1 r = IvAGI NARY PA'. T OF CIl-PLFX I kIF A I F R F,,( L. I I L~IrA

C T-14F I NI)FX H F RF Fik4C TT I !41S 'A=rI F:' 1 - 1*,l F CI
bC niT H 1)1F C. P AND ) DI FL I AP PtuRI T IVFI

C P = E X PINF tiT OF GF NERAL I 7F.11 PR'!D - LAv, PkP ILlITY

C DL'STlkIHUi'T'N
C
C HOuTPIIT C TCl TEST CtIMN APFA
C =I AIF PAGIF EXT I NC TIN CPPS.-, RFC T IW, Me
C r I = AVF ' A Gt ttACKSCATTEN CP(S SECTI1IN, Oe~

C RI cs A V EPA GF C AT T F C WI18Ss SF IT I tl: , m d.
C

CiI'A 01, /T ES T,/ NP(G, , A~N II rSAG( 10) 16 it ( (1 ~1,S )

c I PIT I IIAL TIE VAPI AHLES Fi.)k C'Ipl'pITT'44; A~tFINAfF HA CkS17ATTF V A-if
F XT I hC T I (I tP SS SEFLT IIN S

X 1 A m, n a: = S .* '4 / F w F Q

I P / j L AM - ) Aj

I P c I=JIr , + I

XP~ = A I I
rCAL.L' MI SC A T( X, UI F CR oT E CI yk "11 XKFTI X KS I

A31:Al **(1 *-P 1

F '4F I = ( A J I -A 3
D)EL TA=A,>-A
J tNA X = MA X( j1 ,* Tp I X (AMINI (1 *0, (AL,/A I I/ 'I

(I. I TA=:PF. L T A /FLI AT ( JM Ax

PI II nO J= I,.ImA X
A,?=A I+rIEL T A

X=A2*F x
CALL mTSCAT( x, r)IECP, OJECI, Y~k YKE, XoS

C

C CF-PI11F PUwF Q L Aw APPIknyIMA ITnN F(,w HACK 9CAT Td AtI)O PT I CT If,
C E FF T1 9; rC tS
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C

C
C r[~I,~iTF .SLATTFP CI'41SS SE~CT 1.Jt

SF ( X1 *FEI!* 0 .0 ) G1. 711 2
Sl'Jx(1(F XP( x LmA)1.)/xI* *-3U)

6 ~r- T(I U
PS(;S=XISj*ALnlA/Al**y.5

C Cii4PIITF OiACiK(AT TEP C~i;SS 3 L T UN

C

10 qCPJ~xI(J(%fk Af(A-l*i(lTl*P~)

~0 1CiJ j, ' ALfiCA/Al* Y
C
C Ci'4P~l'F F ArIKCTIkuN -)~S FCTTiHlj
r

0O xt:XF-rl+;.

rUS~J T(11AI1A COy

C A C CDMI-L sT F C~)S q S EC T Ttf
P 0 SI' =G +S G.j

s9 (; GF + RbF J

S I =A:~( ~ i

C
C Cli~.1 A VFWACF AArKC T TE P APr) FXT 1', T It4 Lkh')S Fc.T1'l~l. r, I~os
c SFCTTfrkS fF6 PAPTICLF (PN**2)
r

STC ( P)7.A5j-S*(P-.0)$ /FJPI

RE Tii;;N,
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APPENDIX C

SOLUTION TO CUBIC MIXING RULE EQUATIONS

The two mixing rule equations are (see Section 4)
2 *3=

E*3- 3 2 (3 Ed2 - C)E* - d = 0 (C-1)

-*3 _ 3 3 c*.2 + (3 F-*2 D) e* - 3 0
M m d m d (C-2)

where 3 3
C m d (C-3)

m

(6* -F*)3

D = -(C-4)
(l- ) E*

m

The cubic equations (C-I and C-2) can be solved for c* and s, respectively

(the other parameters assumed known) by the standard cubic equation formulas.

Some care must be taken because the coefficients are complex. Let

Z * for Equation C-1 (C-5)

F-* for Equation C-2m

3= (C-6)
d

3 F- 2 C for Equation C-i

' 3 F - D for Equation C-2 (C-7)

dR * 3d (C-8)

Our cubic equations are now in the standard form

3 2
z + Pz + Qz + R =0 (C-9)
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but with all quantities complex. As in the case of real coefficients,

define

a = 3(3Q-p2) (C-10)

b = 1 (2P -9PQ+27R) (C-11)

b2 _ ae = - (C-12)C 27

f b e (C-13)

g b -e (C-14)

A = f1l the first complex root of (f)1/3  (C-15)

gl'g2,g 3 = three complex roots of (g)1/3  (C-16)

It does not matter which of the two complex roots is taken for e. By con-

vention we take the first root. The three complex roots of f and g are

ordered in the following manner. Write

io

-- fR +  if = re (C-17)

where

2 2r +f 2(C-18)
R I

-Tr < e < if

fR' fr, and 0 are all real quantities.

The three roots of (f)1/3 are ordered as

f1 = r1 /3 ie/3 (C-19)
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f = r1/3 e i(0/3+2/3T) (C-20)

2

f = r1/3 i (0/3 + 4/3T!) (C-21)
=1/3

The three roots of (g)1/3 are similarly ordered. Form the three trial

solutions,

t I  = A + g1  (C-22)

t2 = A + 92 (C-23)

t 3  = A + g3  (C-24)

Substitute the trial solutions into the reduced complex cubic equation

t 3 + at + b = 0 (C-25J

One of the three trial solutions will satisfy the reduced equation. Let

B be that value of g,, g2 ' g3 of the successful trial solution. Then the

three complex solutions to the complex cubic Equation C-9 are

1
z = A + B - - P (C-26)

31

z2  1 (A+B) +i (A- B) P (C-27)

z (A+B) i- (A-B) - . (C-28)z3 - 22 3

A computer program has been written to solve Equations C-1 and C-2.

The inputs for Equation C-1 are ', cm' and p; for Equation C-2 the in-

puts are F'* , and q. The input format is II,E9.0,4EI0.0, and the in-

put parameters are arranged on the data cards as shown below:
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Column 1 10 20 30 40 50 60 70 80

1 Re (c*) lm(e*) Re (c*) Im (c*)d d m m

2 Re(L*) Im(F-j) Re(L*) lm(E*)

Re E real part of mi E imaginary part of

The I in column 1 indicates that it is Equation C-i that is to be solved;

a 2 in column 1 indicates that Equation C-2 is to be solved. As many

cases may be stacked as desired; a blank data card is placed at the end

of the data deck to signal end of data. Note that the input for the

imaginary parts of the relative permittivities are negative. That is,

for

* = I'

Ed = Ed d

then

Re(d-) - > 0

Im(E*u = E: < 0

The output consists of

1. The input parameters

2. The real and imaginary parts of P, Q, R of the cubic Equation C-9

. The real and imaginary parts of the complex solutions ZI, 72, Z3 of

Equations C-26, C-27, and C-28

4. The real and imaginary parts of the square roots of Zl, Z2, Z3.

One of the three solutions Zl, Z2, Z3 is the proper solution for c*

for Equation C-1, or c* for Equation C-2. We have arranged the program
m

so that for all cases we have run, the proper solution has been Z F It

is conceivable that on a different computer or for some special input

values,the proper root may not be Z Therefore as a precaution, we print

out all three roots. Generally the proper solution is obvious. The

proper solution for E* or c* must have a positive real part (c') and a
m

negative imaginary part (-E"). Two of the solutions may satisfy the
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I1

positive real and negative imaginary criteria, but in our experience

the proper solution is obvious from the magnitudes. The square root of

the relative permittivity is also computed since this is the index of

refraction, which is needed for propagation calculations,

m = v (C-29)

Note that m is normally written

m = mR - im , (C-30)

so that

mR = Re(m) (C-31)

mI = -lm(m) (C-32)

As in the case of E* and cm, the output for m has a positive real part
m

and a negative imaginary part.

The listing of the computer program follows. The program consists

of a driver routine and the two routines which solve the complex cubic

Equation C-9. The complex cubic equation routines are general routines

which can be separated from the mixing rule driver and used to solve any

complex cubic equation.

J! . .. . 11.
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LC TH" 11I THE rNPTVER k'l'T jk F(ip T~t. rjIMPI C;)"iiC ITA I ',r. lI

C 00C ItFNAT Y)N IS G1 VEN IN A PPP ,Ix X (;
C JUS I CL OUP '"'DELJING A'4I.' PPI IPA r,AT. If FF FC IS

CFOP k Ar;,Ai AN I) CflMMUIN ICAT I'' ,,S Ctfi S
C GF7ATmP-kl (ICT.ikt I. c l7o
C VY JA"IFS~~T~'~PI, C-.'OA[ ILF CT I( - IF 'PI;

C

r 17APF I r [H I'4P'IIT TAP-F. KIpUrOFc, J T AP IS THE U-j~; A 4
c THE VALUES H-AVF 5FST AT rTAPE'- S A 11 JTAPF = I h-% tifI-

r IF- CHANG;F F(IR ~j Lfl'PUTEW kY wFSv TINr. T'~t FfIILI;AIN(, ITA&.;*C JTAPF STrATFmFNTS
I TAPF=S
J14pp =

r kE AD TKIPII Ff.lk. F INS7 CAsF
1 0 QE AL) T rAPE , 1 ) 0 F, 'XP 1, xli , W2 , xT?, P,11

C
c CHECKI F ALL CASES HAVdE kEFN QLIN

IF( "On .F. 0)S~flP

IqFIT VA 'IFOF F D
Fr) CMPLX ( X~1 X I I

C CHiF(- AH7CH~ ErIIATIrpN IS Til r4ij SiLVFUj, C-1 ;1 C-2
I~ r Ifl *EU ) Gfi TO 20

r

C EUJI'ATjnN C-I IS Tt) -IF SOJLVED)
Em C'PLK( XPR, X12 )
C Z 1.0 - PHI )**3 * t F0 )r, * Fm

* lk* - C

C F OJATI 1,) C-2 I S TOl HE SoLVF
20 E 2CMPLX( XR?t X12 )1

C
C

30 P 2 -1 ED

R

CALL CCUfl1Cc Po(,WvllpIZ2,11

CA
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C 1 KI I41, kIL E F J ATIIr .,
IF MP ,' ~ .F{, 1 ( ) r. I', c;,,

r
, I TF ( JTAP{., Ut ) !'r , x10 F , T1, e', I), x.13e

I t , IN Ak.a y(F ) v,)LI, F W A C I (

,,l 1' 4

C
w T ( .TAPf', t ) Jf., F .A- I, w i1 ., x w If l

1 o , 1AF() 'A) T ,Fv wF AL(Fi)) I'A t ,Y(F) ,'I (A) t
1 4 A(;I Ak Y (F) VIII I - F AC IrT I

.;) '~i , K, 3 X S I 4 *
r

t 0ofl jF( JTAPF, l )~,I, -

ol F TAA Il-fA l CUIf. L)'JATAi. LACFF F F r

T'S /
14 , 7 "' E. A L (P I IuA(,IK.A(Y (P) wt,, A I_ P4J T A rI N 4 t I 

''  
L(

Q,1 1 4. Vf0
c

F AT J TP* , j! ) /I, I; ? ' ;
I F",AT( jI 4 ,7 h THwlFl -if IrS F CI P.L x C(

14'4 , SM (1) F. AL (F I I A ^FIY(F F ( LA .(F ) I- ,1. tf.y j

7,.~'--(. JT & 2
"I F W7tAT(",7, .KO IT,'lFF ,T F C' Fi F x '/i

f~~, will F FIlAT 1.1 .-?

4 rl (I ) 6 F AL ( I ) I M A I % A i-' ('} JO- A I t( ) T , 4 YI~ , , )

~() . AL(W") iMACINA ,U'1
) 

/

C
3 k113t A IN

r

C, P1 I )FX 'I

I Z Q

7e~z( qJQ I1I3



SORrPOtTINE CCL3IC( Pq')vSqZl9Z29Z3)
C
C TliS' ROUTINlE CALCULATES THE THREE RO)OTS OF A CUBIC EQUATION WITH
C COMPLEX COEFFICIE NTS
C
C T14E CUHIC EQUATION 15 ASSUMED TO BE OF THE FORM
C Z**3*P*Z**2+O)*Z+S:O
C
C
C INPUTS
C P =CONSTANT COMPLEX COFFFICIENT 4tJLTIPLYING Z**2
C 0 =CONSTANT COMPLEX COEFFICIENT MULTIPLYING Z
C 5 CONSTANT COMPLEX COEFFICIENT
C
C OUTPUTS
C 71 = FIRST COMPLEX ROO)T
C Z2 = FCOND COMPLEX RO)OT
C Z3 =THIRI) COMPLEX RnOT
C
C

COMOLEX Pq(,)SZ1 ,Z2q73sARCqDqEqFsT
C

A (3.O*0-P*P) /3.0
B (2.O*P*P*P-9.O*P*O,27.O*5) /27.0
F=CSORT C13*f/4.+A*A*A/27.O)

X:REAL (F)

CALL POLAR( XYRiTHETA
R=R** (1./3.)
THETA:TIIETA/3. 0
C=C'IPLX(( R*COS(THETA), P*SINCTHETA)
F=-9/2.0-E
X=REAL (F)
Y= Al IA(F)
CALL POLAR( XqY9P9THETA
P=R** (1 */3.)
TH TA=THETA/3.0
D=CIALX( P*COS(TH[TA), P*SIN4(THFTA)
Z 1 =C.D)
T=Zl*Zl*Zl+A*ZIB
IF( CABS(T) *LT* 1,E-3*AMAX1( CAB3S(A*Z1) 9 CABS(B)) GO TO 10
P123=8*0*ATAN(loO)/3*0
D=CMPLX( R*COS(THETA.P123) 9 R*SIN(THETA+P123)
Zl=C.D
T=Zl*Z1*Z1,A*Z1,R
IF( CAF3SCT) *LT* 1.E-3*AMAX1C CA[3S(A*Z1) 9CABS(B) ))GO TO 10
P143=2.0*PI23
r)CiPLX( P*COS(THETA+PI41) s R*SIN(THETAP143)
Z1=C+D
TzZI*Z1*ZIA*Z1.R
IF( CA8S(T) .LT. 1.E-3*Ar.AX1U CA~SSA*Z1) CAE3S(B) ))GO TO 10
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wRITE(695)
5 FOR'IAT(39H NO PROPER SOLUTION FOOND FOR THIS CASE)

10 F:C'-PLX( 0.01 50~RT(3.0) )*(C-D)/2.O
7?=-ZI12.O *F -P/3.0
Z3=-Z1/2.O -F -P/3.0

RETULR N
E ND

SM5



SUB~ROUTINE POLAR( XoYoRTHFTA
C
c TH15 ROUTIr4L CONVERTS A COMPLEX NIJM9ER FROM PECTANGULARCZ=X*IY)
C Tn 0OLAR(Z=R*[XP(1*THETA) ) NOTATION
C
C
C INPUTS
C X =REAL PART OF COMPLEX NUmBER
C y IPIAGINARY PART OF COMPLEX NUMBER
C
C OUTPUTS
C R = ABSOLUTE MAGNITUDE OF COMPLEX NUMBER
C THETA =POLAR ANGLE OF COkIPLEX NIJMBER(RADIANS)
C THETA IS RETWFEN -PI AND +DI
C
C

R=SORT( X**2 #Y**2
IF( X FQ. 0.0 GO TO 10
IF( AHS(Y) sGT, ARS(l.E12*X) ) GO To 10
THETA=ATAN(Y/X)
IF( X *(-GE. 0.0 PETIJRN
THFTA=T ETA.SIGN(1.0,Y)*

4 .0*ATAN(l.O)
RE T',N

10 THFTA=2.O)*ATAN( 1.0)
IF) ( *LT. ,'C*C THETA=-THETA
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